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iSiimmarv
This thesis describes studies of two genomic clones \m A 1 4  and km A3 6,
i
which had been isolated from a mouse genomic lambda library using a rat 
muscle
skeletal actin T cDNA probe, and which electron m icroscopic heteroduplex 
analysis had shown to con ta in  a s im ilar, a lthough  not id en tica l 
self-hybridising (foldback) structure adjacent to the actin-like region. The 
objective of these studies was to determ ine the extent o f the sim ilarity
between kmA14 and kmA36, and the nature of the actin-like DNAs and the DNA 
constituting the foldback structures.
Detailed restriction maps of kmA14 and kmA36 were constructed in 
order to compare these clones. This was achieved by a com bination of the 
fo llow ing  techniques : (i) sing le re s tr ic tio n  enzym e d ig estio n , (ii)
hybridisation of a ^ P - la b e lle d  actin probe to the products of single and 
double restriction enzyme digestion, (iii) partial restriction enzyme digestion 
followed by hybridisation to a ^^P-labelled  oligonucleotide com plem entary to 
the cohesive end of the short arm of bacteriophage lambda, (iv) generation
of subclones covering most of the mouse DNA inserts in kmA14 and km A3 6, 
and subjecting these to single and double restriction enzyme digestion. The 
resulting maps showed that over a region of 11.Okb there were 25 restriction 
endonuclease sites which appeared to be identical in the two clones and 11 
which were clearly different, after allowing for an extra inserted 0.5kb of
DNA in kmA36 that was also found by electron microscopy. This suggested that
clones XmA 14 and kmA36 contain at least 11.Okb of similar but not identical 
DNA, and this suggestion was supported by the positive cross hybridisation of
fragm en ts from  the two clones and p a rtia l n u c leo tid e  sequence 
determ ination of the DNA near the left and right-hand extrem ities of the
apparent similarity. Comparison of these and other sequences from km A 14
and kmA36 indicated an average difference of 5.7%. This suggests that the two 
sequences diverged from a common ancestor 2.6 MY ago.
Partial nucleotide sequencing was used to determine the nature of the
actin-like DNA in clones kmA14 and kmA36. The portion of actin-like DNA
sequenced in kmA14 corresponds to that specifying amino acids 1 to 302. 
Predicted amino acids at the N-terminal end of this sequence identified this as
being related to the y-cytoplasmic member of the six mammalian isoforms of
actin. The partial sequence of the actin-like gene of kmA36 showed it to be
related to a cytoplasmic (3- or y-actin, although lack of sequence at the 
N-terminal end prevented more precise identification.
The actin-like gene o f km A 14 con ta ined  a s ig n if ican t num berof
differences in predicted amino acid sequence from y-actin , and several 
term ination codons. Furtherm ore it lacked introns. These features indicate
that kmA14 contains an actin pseudogene of the processed type. This also 
appeared to be truncated at its 5’ end. Comparison of the nucleotide sequence
with that of a mouse y-actin cDNA clone showed 5% difference, suggesting a 
relatively  recent origin.
As kmA14 and kmA36 had similar restriction maps over much of the 
foldback region, the structure of th i s ' foldback was analysed in the single
clone, kmA14. Areas of the three subclones thought to contain the stem of the 
foldback structure were sequenced, and homologous regions were identified 
in each subclone, that could account for the electron microscopic features.
These were a region of at least 1.5 kb, adjacent to the actin, orientated in one 
direction (designated LH) and two regions of 1.3 kb and at least 1.0 kb, 
respectively  (RH1 and RH2) orientated in the opposite direction. The 
sequence of the two regions RH1 and RH2 had an overlap of approximately 
460bp. The region RH1 is outwith the DNA included in the smaller clone,
kmA36, and this and the overlap of RH1 and RH2 adequately account for the
electron microscopic differences of kmA14 and kmA36 in regions where they 
have sim ilar restriction maps.
To determine the nature of the sequences constituting the stem of the 
foldback element a ^ P - la b e lle d  fragm ent of this DNA was hybridised to 
digested mouse chromosomal DNA subjected to agarose gel electrophoresis 
and transferred to nitrocellulose. The strength of the hybridisation indicated 
that the stem sequence was repetitive and, against a background smear, 
discrete bands were observed, the length of which were similar to those of 
the previously characterised LIM d, mouse middle repetitive DNA family. The
sequences of the foldback area of kmA14 were compared to that of a recently 
published 'full-length' LIM d DNA sequence, confirming that the stem DNA of 
the foldback loop is composed of LIM d sequence. The foldback structure in
kmA14 is composed of specific regions of three L IM d LINE members. One 
LIM d member (LIM d-LH), was coiltiguous with the truncated 3' end of the
actin pseudogene of kmA14 and formed the left-hand arm of the stem. The 
right-hand arm was form ed from  two L IM d members (L IM d-R H l and 
LlM d-RH2), which are located approximately 5.2 and 11.Okb respectively to 
the right, of the left-hand member, in the opposite orientation.
The left-hand LIM d member is at least 3.3kb in length with its 5' end 
contiguous with actin DNA at a position approxim ately lOObp from  its 
expected 3' end. The sequence of the 3' end of the left-hand LIM d member
was not determined but hybridisation with a probe containing the extreme 3'
end of a different y-actin sequence, located the displaced 3' end of the actin 
pseudogene to a particular subclone, at least 3.1kb from  the 5’ end of
LIM d-LH . Thus L IM d-LH  has inserted independently  into the y -a c tin  
pseudot gene. This m easurem ent, together with the known length of a 
complete LIM d member and the presoence of an internal deletion of 2.4kb 
in LIM d-LH, indicated that LIM d-LH most likely contains intact 5' and 3' 
ends. LlM d-RH2 appears to be truncated at both ends, whereas LIM d-R H l is 
truncated at only the 3’ end. LIM d-RH l and LIM d-LH possess several features 
in common which differ from the prototype full-length L IM d member. These 
include the same 5’ end containing 1 ^/3 copies of a 208bp tandem repeat, and 
a common 42bp insertion, and suggest the possibility of gene correction at 
some stage of their existence.
The results presented do not allow an unequivocal decision as to
whether the similar regions in ^mA14 and XmA36 are the result of a gene 
duplication or am plification event, although indirect considerations favour 
the form er possibility . However it is possible that the L IM d members 
identified  in this work played a role in  the orig inal duplication  or 
amplification of this large region of the mouse genome.
CHAPTER 1 Introduction
1.1  Actin proteins and penes
1 .1 .1  A ctin  p rotein s
Actins are highly conserved proteins which are found ubiquitiously
in eukaryotic cells. Amino acid sequence data has demonstrated the presence 
of several distinct actin isotypes in vertebrates, and these isotypes can 
genera lly  be c lass ified  as e ith er 'cy to p lasm ic ' or 'm usc le ' actins
(V andekerckhove & W eber 1978a). C ytoplasm ic actins are found in
non-m uscle  ce lls , w here they are u tilised  to form  the ce llu la r
m ic ro f ila m e n ts  w h ich  fu n c tio n  in  ce ll m o til i ty  and m ito s is
(Vandekerckhove & W eber, 1978a). The number of cytoplasm ic isoforms
ranges from at least two in mammals (Vandekerckhove & W eber, 1978a) to 
three, or even more, in birds and amphibians (Vandekerckhove e t a l . ,  
1981; Bergsma et al., 1985). Muscle actins are essential components of the 
contractile apparatus of muscle cells and are subdivided into either striated
or smooth isoform s, according to the muscle cell type in w hich they 
predominate. The striated muscle isoforms may be coexpressed in a tissue 
under a t . least some circum stances (Gunning et al., 1983b; H ayw ard &
Schwartz, 1986) with a-skele ta l muscle actin representing the predom inant
form in adult skeletal muscle and a-card iac muscle actin prevailing in adult
cardiac tissue (Vandekerckhove & Weber, 1978b; 1979a). The smooth muscle
actins appear to be similarly coexpressed (Vandekerckhove e t al.-,r. 1981).
In the genital and gastro in testinal trac ts, y -sm o o th  m u sc le  a c tin
predominates, while in vascular tissue, such as aorta, a-sm ooth  muscle actin 
is the primary isotype (Vandekerckhove & Weber, 1979a; 1984; Gabbiani et 
a l,  1981 ).
Only limited differences in amino acid sequence exist between the 
actin isotypes of vertebrates, and these are located prim arily in the amino 
terminal region. Table 1.1 shows the positions in the amino acid sequence at 
which differences occur between the six actin isoforms of mammals. There 
are 4-6 amino acid replacem ents between the different muscle types; 4 
amino acid replacements between the two cytoplasmic actins and 25 amino 
acid replacem ents betw een the cytoplasm ic and skeletal m uscle actins 
(V andekerckhove & W eber, 1979a). Actins from  diverse organism s are 
extremely similar. For example, chicken, bovine and rabbit skeletal muscle 
actins have identical amino acid sequences (Vandekerckhove and W eber, 
1979a,b), which differ from the yeast actin sequence at only 49 out of 375 
positions (Gallwitz & Sures, 1980; Ng & Abelson, 1980).
All eukaryotes synthesize one or more cytoplasm ic actins isoforms
(Vandekerckhove e t a k ,  1981). The vertebrate non-muscle |3 and y-actins 
are considered functionally and evolutionarily more closely related  to the 
actins found in the low er, un icellu lar, eukaryotes. In D r o s o p h i l a  
melanogaster,  actins with amino acid sequences resem bling those of the 
vertebrate cytoplasm ic actins are utilised to form  the actin filam ents of 
sarcom eric muscle (Fyrberg et a l ,  1981). It has been proposed that during 
early chordate evolution a novel actin isoform arose and now functions in 
the sarcomeres o f muscle cells (Vandekerckhove et al., 1983). In the time 
prior to the divergence of mammals and birds, this gene apparently  
underw ent two successive rounds of duplication  to produce the four 
muscle-actin isoforms found in mammals and birds today (Vandekerckhove 
et a l ,  1983). Thus the muscle-actin isotypes must have been under strong
T a b le  1.1 D iffe ren ces  in the  am ino acid  sen tiences of the  ac tin,i* VJLV— ...  v u - v v ^  v v .  _ n  v ,« vi o v v j u v i i y y j
is o fo rm s
R esidue Actin types
n u m b e r
S kele tal C ardiac Sm ooth Sm ooth N o n-m uscle
m uscle  m uscle m uscle m uscle
(stomach) (aorta) p-type y-type
1 Asp Asp - Glu Met -
2 Glu Asp Glu Glu Asp Glu
3 Asp Glu Glu Glu Asp Glu
4 Glu Glu Glu Asp Asp Glu
5 T hr T h r T hr Ser He
6 T hr T hr T hr T hr Ala
10 Cys Cys Cys Cys Val He
16 Leu Leu Leu Leu Met
17 Val Val Cys Cys Cys
76 lie lie He He Val
89 T hr T hr Ser Ser T h r
103 T hr T hr T hr T h r Val
129 Val Val Val Val T hr
153 Leu Leu Leu Leu M et
162 A sn A sn Asn A sn T hr
176 Met Met Met Met Leu
201 Val Val Val Val T h r
225 A sn A sn Asn Asn Gin
259 T h r T h r T hr T h r Ala
266 lie He He He Leu
271 Ala Ala Ala Ala Cys
278 Tyr Tyr T yr T yr P h e
286 lie He He He Val
296 A sn A sn A sn A sn T hr
298 Met Leu Leu Leu Leu
357 T hr Ser Ser Ser Ser
364 Ala Ala Ala Ala Ser
The table indicates the positions in the amino , acid sequence at which 
exchanges have been detected betw een the d iffe ren t ac tin  iso form s. 
Positioning of the amino acids in the actin sequence is made in analogy to 
rabbit skeletal muscle actin (Collins & Elzinga, 1975; Lu & Elzinga, 1977; 
Vandekerckhove & Weber, 1978c). Amino acid residues in which the four 
muscle actins differ among themselves are underlined.
selective pressure to maintain their amino acid sequence since they arose.
1 . 1 . 2  A ctin penes
The isolation of actin cDNA clones (Ponte et al., 1983; Gunning et a l ,  
1983b) allowed the number o f actin-related sequences in the genome of
different organism s to be determ ined by hybrid isa tion  and
to be iso la ted .
individual genom ic sequencesT The structural characterisa tion  o f these 
sequences (which will be referred, to loosely as actin 'genes’), has revealed a 
number of interesting features which are discussed in the sections below:
IjlL  fie .ne— number
W hen the genomic DNA of an organism is analysed by Southern
blotting to an actin probe; under low stringency washing conditions, the
recognisable actin genes of the organism are revealed. It appeared from
such genomic blots that the number of actin genes in  higher eukaryotes
varies widely. For example, chicken contains 4 - 7  actin genes (Cleveland et
Gallwitz
a l ,  1980), human DNA 20 - 30 actin genes (Moos & . 1982; Engel et al.,
1981), mouse DNA greater than 20 actin genes (Minty et a l ,  1983) and rat 12 
or more actin genes (Nudel et a l , 1982a). These numerous actin sequences 
are d ispersed on d ifferen t chrom osom es throughout the m am m alian 
genom e (Soriano et a l ,  1983). The num ber of actin genes in low er 
eukaryotes is also found to differ from one organism to another, D ro s o p h i la  
melanogaster  contains 6 actin genes (Fyrberg et a l ,  1981), yeast 1 actin 
gene (Gallwitz & Sures, 1980; Ng & Abelson, 1980), Dictyostelium 17 actin 
genes (McKeown & Firtel, 1981) and sea urchin 11 actin genes (Scheller et
al . ,  1981). In the lower eukaryotes the number of genes is roughly 
equivalent to the number of identified actin isoform s, how ever in  the 
m am m alian genom e there is a much h igher num ber of actin-related
sequences than known actin isoforms.
\
U nder h igh  s tringency  'w ashing co n d itio n s , on ly  the m ost 
homologous sequence(s) remain hybridised to the genomic DNA and usually
these correspond to the functional gene(s), (Minty et a l ,  1983; Robert et a l ,
1984; Weydert et a l ,  1983). In this way it was possible to examine the number 
of genes coding for each isotype. Each actin isoform, like most structural 
proteins appears to be present in one copy per haploid genome (Minty et a l ,  
1983; Ponte et a l ,  1983; Robert et a l ,  1984). Many of the numerous actin 
sequences detected at low stringency in the m am m alian genom e were
identified as dispersed processed pseudogenes (see section 1.2), derived from
p or y-actin mRNAs (Minty et a l ,  1983; Carmon et a l ,  1982). The extent to 
which these sequences have diverged from the actin coding sequence and
hence, the time which has elapsed since their in tegration  varies. The 
observation that the cytoplasmic actin genes but not the sarcomeric actin 
genes, are associated with the pseudogene families, has suggested a link in 
the expression of a gene in the germline cell to the production of large 
processed pseudogene families (Ponte et a l ,  1983; see section 1.2). The high 
num ber o f a c t in - r e la te d  sequences is apparently  re s tr ic te d  to the 
m ammalian genome; in birds (C leveland et al., 1980) or in D r o s o p h i l a  
me la n o  gas  te r  (Fyrberg et a l ,  1980) for example, the number of genomic 
sequences corresponds to the number of known actin proteins.
6L h l  jjfeiLe__ s t r u c tu r e
The high degree of sequence conservation between the actin proteins
from a wide variety of organisms argues strongly that this multigene family
arose by duplication and subsequent divergence from a common ancestral
gene. In the course of evolution, certain regulatory and structural features
of the loci have diversified to produce the specialised genes present today .
Several representatives of the vertebrate striated (Fornwald et al., 1 982 ;
Hamada et al., 1982; Zakut et al., 1982; Chang et al., 1985; Eldridge et al., 1985;
Hu et al., 1986), cytoplasmic (Bergsma et al., 1985; Kost et al., 1983; Nudel et
and
al., 1983; Ng et al., 1985),t  smooth muscle (Ueyama et al., 1984; Carroll et al., 
1986; Chang et al., 1984), actin gene subfam ilies have been structurally 
c h a ra c te r iz e d .
Each actin isoform: is most likely encoded by a single gene (Minty et 
al., 1983; Ponte et al., 1983), which is not genetically linked to loci encoding 
either other members of the actin family (Czosnek et al., 1983; Minty et al., 
1983; Gunning et al., 1984a) or other contractile proteins (Czosnek et al., 
1982; Roberts et al., 1985).
Due to the great conservation of the amino acid sequence among the
actins, the nucleotide sequences of the coding regions of actin genes are 
highly conserved. W hen non-hom ologous actin  isotypes are com pared 
between species, the 5' and 3' non-coding regions of actin genes can be
quite diverged, showing great variabilty in length and nucleotide sequence.
On the other hand, com parison of hom ologous actin isoform s betw een
/
species, shows a considerable degree o f hom ology 'even  betw een the 
untranslated portions of the mRNA. In birds and m am m als,.. it has been 
demonstrated that the 3’ untranslated .region of actin mRNAs are unique to
each actin isotype (Cleveland et al., 1980; Minty et al., 1981; Ponte et al.,
/
1983). The 3’ untranslated regions of the human skeletal, cardiac, p and
y-actin  mRNAs are capable of hybridising to the corresponding gene 
sequences of rodents (Ponte et a l ,  1983, 1984). The 3' untranslated regions of 
rat (Mayer et a l ,  1984) and human (Hamada et a l ,  1982), cardiac actin genes 
show a high degree of homology; two-thirds of the 3' part of these regions 
exhibits 92.5% homology and the 5' part o f this region exhibits 85% 
homology. However it appears that only the 3' untranslated region of the
a  -sm ooth  m uscle ac tin  gene does not dem onstra te  th is ex tensive  
ev o lu tio n a ry  co n serv a tio n  (C arro ll et a l ,  1986), observed in  the 3’
untranslated region of a-skeletal (Hu et a l ,  1986; Yaffe et a l ,  1985; Gunning
et a l ,  1984b; Ordahl & Cooper, 1983), a-cardiac (Chang et a l ,  1985; Eldridge et 
and
a l ,  1985)7 p-cytoplasmic actin genes (Yaffe et a l ,  1985; Ponte et a l ,  1984). The 
biological significance of the 3’ untranslated conservation in  these genes is 
unclear and therefore it is d ifficu lt to make an assessm ent of the 
significance of a lack of such conservation in the 31 untranslated region of
the a-sm ooth muscle actin gene. Comparison of the 5' untranslated region of
the human (Ponte et a l ,  1984) and rat p -actin  gene (Nudel et a l ,  1 9 8 3 ), 
revealed  80% hom ology, suggesting considerable conservation  o f this 
region of the gene.
Recently it was reported that three additional non-coding regions of
the human p-actin  gene are also highly conserved, including segments of 
the 5' flanking region, and two intervening sequences (Ng et a l ,  1985). In 
all of the muscle actin genes examined thus far, TATA and CAAT boxes were 
located im mediately upstream from the mRNA cap site, at the expected 
locations of -30 and -70, repectively (Carroll et a l ,  1986; Nakajim a-Iijim a et 
a l ,  1985). However in unicellular organisms, although these boxes occur,
they are not always at the expected location (Buckingham & M inty, 1983; 
Buckingham, 1985).
S tructural characterisa tion  of represen ta tive  genes from  several 
vertebrate multigene families has led to the observation that, in many cases,
intron positions but not necessarily sequences are conserved (Breathnach 
et al., 1981). However exam ination of actin genes revealed that although
intron positions are somewhat conserved in deuterostomes (Fornwald et al., ' 
1982; Zakut et al., 1982; see Table 1.2), such conservation is much less 
apparent in protosomes (Fyyberg et al., 1981). These observations have led 
to much disagreement about whether the intron positions found in modern 
actin genes are the result of (a) the loss of some introns from a common 
ancestral actin gene which originally had many introns, (b) insertion of
new introns into an in tronless prim ordial actin  gene, or (c) some 
com bination of intron insertion or deletion. A com parison of the intron
positions in the actin genes of deuterostomes to those found in the recently
sequenced a-sm ooth muscle actin gene (Carroll et ah, 1986), sheds new light 
on this controversy. It was demonstrated that the structural sequence of the
chicken a-sm ooth muscle actin gene is interrupted by eight introns (Carroll
et al., 1986). Examination of the intron positions in vertebrate a - c a rd ia c
(Hamada et al., 1982; Chang et al., 1985; Eldridge et al., 1985), a - s k e le ta l  
(Fornwald et al., 1982; Zakut et al., 1982; Hu et al., 1986) and cytoplasm ic 
(Bergsma et al., 1985; Kost et a l ,  1983; Nudel et al., 1983; Ng et a l ,  1985) actin
genes as well as those found in sea urchin genes (Cooper & Crain, 1 982 ;
Foran et a l ,  1985), revealed that the in tron positions in these genes
represent: subsets of the intron positions found in the chicken a - s m o o th  
muscle actin gene (Carroll et a l ,  1986; Table 1.2). This dem onstration of an 
actin gene which contains all of the intron positions found in three other
T a b l e l  .2  C o m p ariso n  o f th e  in tro n  position  of d en te ro s to m e  ac tin
s.e n es
Actin Organism Intron position
gen e 5'UTR 41/42 84/85 121/122 150 204 267 327/328
a-sm o o th  c h ic k e n 1 X X X X X X X X
a-sm o o th  h u m a n 2 ? X X X X X X X
a -sk e le ta l (m o u se2
chicken4 , rat2) X X X X X X
a -c a rd ia c  c h ic k e n ^ X X X X X X
a-cardiac h u m a n 2 ? X X X X X
(3-cytoplasm ic (rat8
ch ick en ^ , hum an1^) X X X X X
SpG28 sea u rch in11 X X X X
SpG17 sea u rch in11 X X
SfA sea u rch in12 X X
Key to references :
1) Carroll etal., (1986) 7 )  Hamada et a l ,  (1982)
2) Ueyama etal., (1984) 8) Nudel et al., (1983)
3) Hu e ta l ,  (1986) 9) Kost e ta l ,  (1983)
4) Fornwald et a l ,  (1982) 10) Ng etal., (1985)
5) Zakut etal., (1982) 11) Cooper e ta l ,  (1982)
6) Changer a l,  (1985); 12) Foran etal., (1985)
d istinct deusterostom e actin  gene lineages (vertebrate stria ted  m uscle, 
vertebrate cytoplasmic and echinoderm) is most consistent with a scheme 
involving the loss of introns from common ancestral sites. It was therefore 
concluded, at least for the case of the deuterosome actin genes, that intron 
deletion has been the dom inant process influencing the placem ent of 
introns in modern actin genes (Zakut et a l ,  1982; Blake, 1983; Carroll et al., 
1986).
1 .2  P s e u d o p e n e s
Several years ago Jacq and coworkers (Jacq et al., 1977) reported the
isolation and nucleotide sequence of a 5S rRNA-related gene from X e n o p u s
la e v i s  that was truncated and had mismatches when com pared to the
functional 5S rRNA. Jacq et al., (1977) used the term p seu d o  gene  to describe
this truncated 5S rRNA homologue. Since then many different pseudogenes
have been reported from a variety o f gene families, and the term can now
be clearly defined as sequences found to be both related and defective
(Vanin et al., 1985). The varied pseudogenes reported fall into two general
categories. In the first there are duplicative pseudogenes, those which are
where appropriate
closely linked to their functional counterparts and* retain  the intervening 
sequences of the active gene. The globin pseudogenes from a number of 
species form the major group within this category (Vanin, 1983). In the 
second and more abundant category are those lacking the in tervening 
sequences found in their functional counterparts. Such pseudogenes have 
beentermed processed pseudogenes for the reasons discussed below.
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1 -2 .1  Du p l i ca t ive  ps eudogenes
( a ) The X . laevis 5S rRN A pseudogene
As discussed above the first gene-like sequence to be term ed a
pseudogene was that of the 5S rRNA described by Jacq et al., (1977). The
pseudogene occurs downstream of the functional 5S rRNA gene and is part
of the 700 nucleotide repeat unit that is amplified during oogenesis. The
pseudogene is 20 nucleotides shorter at its 3* end than its functional
counterpart (101 instead of 121 nucleotides) and differs by only 9 base
changes (Miller et al., 1978). No RNA corresponding to this pseudogene could
be found in vivo, and thus it appeared to be an inert component of the
genome. This raised the questions as to why this pseudogene structure had
been conserved; whether it served some function in processing the mature
5 S RNA or whether, being part of the duplicated repeat unit, it was just
passively preserved along with the active gene. These questions remain
largely unanswered, but the question of why no pseudogene transcripts are
found in vivo has been addressed in fu rther experim ents involving
an
m icroinjection of * isolated 5S gene and pseudogene into X e n o p u s  oocytes. 
When the pseudogene is injected alone, it supports a rate of transcription of 
up to 85% of the level of normal 5S gene transcription. However, at least 75% 
of the pseudogene transcripts do not terminate correctly at the end of the
gene (even although it contains a TTTT sequence thought to be important for 
correct term ination), but read through into the adjacent sequences. In vivo
this would give rise to random term ination in the dow nstream  AT-rich 
spacer region, and hence no discretely sized transcripts would be formed; in 
add ition , such random ly term inated  transcrip ts  m ight be som ew hat
unstable. Thus, the lack of pseudogene transcripts of defined length in vivo
may be a reflection of the inefficient transcriptional term ination rather 
than a lack of transcriptional activity per se. However a further experiment 
(Miller & Melton, 1981) suggests that this may not be the whole explanation. 
If the 5S gene and pseudogene are in jected  together, the rate of 
transcription from the pseudogene drops to one third of its level when 
injected alone. This indicates that there is com petition betw een the two 
promoters for RNA polymerase (or other transcription factors) and the 5S 
gene has the more effective promoter. The two promoters only differ by 
four base changes and it is not clear whether this alone accounts for their 
different.  ^ activ ities or w hether some other feature of the envirom ent 
surrounding the two sequences is also important.
Lb,.). G lo b in  p se u d o g e n e s
Historically the next set of pseudogenes to be discovered were those
within the a -  and p-globin gene fam ilies of different mammals (Proudfoot, 
1980; Little, 1982; Lauer et al., 1980; Proudfoot & Maniatis, 1980; Proudfoot et
ah, 1982; Lacy & Maniatis, 1980; Clearly et ah, 1980; Clearly et ah, 1981; Jahn et
Isal., 1980; Fritsch et al., 1980; Jeffreys et ah, 1982). Together the mamma lian
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globin gene fam ilies provide examples both of pseudogenes at different 
stages of evolutionary decay and of the variety of processes whereby 
different gene clusters have evolved.
With the exception of two mouse a -g lo b in  pseudogenes that are
dispersed to different chromosomes from the major a -g lo b in  gene cluster 
(Vanin eta l.,  1980; Nishioka e t a l ,  1980; Leder e ta l.,  1981; Popp e ta l . ,  1981), 
all the g lob in  pseudogenes are found linked  to th e ir fu n c tio n a l 
counterparts. The most straightforward explanation for the origin of these
pseudogenes is that they derive from duplicated genes formed within the 
gene clusters, which have subsequently diverged and become inactive, (i.e., 
transcrip tionally  silent). Follow ing inactivation, such genes would have 
been released from selection and would then rapidly accumulate mutations 
at a rate more characteristic of non-coding sequences.
Estim ates of the evolutionary  tim e spent by each presen t day 
pseudogene, first under selection as an active gene and then without 
selection as a pseudogene, have been calculated from the percentage of 
silent and replacement changes in the 'coding' sequence of the pseudogene 
compared to the active gene (Proudfoot & Maniatis, 1980; Lacy & Maniatis, 
1980; Perler et al., 1980). These estimates assume that following inactivation, 
pseudogenes accum u la te  mutations at the same rate as do silent positions in 
active genes. However it appears that there is some selective pressure 
against changes, even between synonymous codons in functional genes, and 
that the rate of nucleotide substitution in pseudogenes is approxim ately 
twice the rate of substitutions in the third codon position of active genes 
(Miyata & Yasunaga, 1981; Miyata & Hayashida, 1981; Li et al., 1981). Many 
earlier estimates do not take this factor into account and thus will have 
tended to overestimate the age of the pseudogene.
A further factor that has confounded these estimates is the realization 
that gene conversion events have played an important role in the evolution 
of globin gene clusters (Lauer et a l ,  1980; Slightom et al., 1980; Shen et al., 
1980; Leibhaber e ta l . ,  1981; Schon e ta l . ,  1982; Weaver et al., 1981). Gene 
conversion is the nonreciprocal copying of inform ation from one gene to 
another homologous gene within a cluster, as the result o f inter- (Lauer et 
al., 1980) or intra-chromosomal (Slightom e t a l ,  1980) exchange. A number
of instances of gene conversion have been detected among a -  and p -g lo b in  
genes, and its effect has been to mask the true evolutionary age of genes or
pseudogenes that have undergone this conversion. Thus, two genes will 
appear to have arisen by duplication at the time of a conversion event, 
when in fact they may have a considerably older evolutionary history. For
example, comparison of the proteins of two adult globins, 8 and p, suggests 
that they arose from a duplication event not more than 40 million years 
(MY) ago (Spritz et al., 1980; Efstratiadis et al., 1980). H ow ever various 
non-coding regions, the second intervening sequence, the 3' untranslated 
region of the mRNA and 5' sequences upstream of the CCAAT box,- appear to 
have diverged over a much longer period of time; (M artin et al., 1 9 8 3 ;
Hardies e ta l . ,  1984). In addition, 5 -like genes or pseudogenes are found in 
lower primates that diverged around 75 MY ago (Jeffreys e ta l . ,  1982). Thus 
the globin coding region appears to have undergone a recent conversion by
the p-gene, which has covered the traces of its more ancient origin. Reliable 
estimates of evolutionary divergence times can, therefore, only be derived 
from  those regions of the gene that have not been subjected to gene 
c o n v e rs io n .
In addition to the active embryonic (£) and adult (a  1, a 2 )  genes, the
human a-globin  gene cluster contains two pseudogenes \jrC, and \j/a (Lauer et
al ., 1980; Proudfoot & Manaitis, 1980; Proudfoot et al., 1982). Together, \j/£ and
\|/a  represent two extremes in the process of pseudogene form ation and
decay. Pseudogene \j/£ shares greater than 99.5% homology in its coding
region with the functional £ -globin gene and has a single deleterious 
mutation, a term ination codon in its first exon (Proudfoot et al., 1 9 8 2 ) .
Presumably it has only very recently become a pseudogene. In contrast , \j/a
is only 75 to 80% homologous to the active a -g lo b in  genes and has a
considerable array of m utations. These include base substitu tions that 
introduce many missense codons and that affect the translation initiation 
codon, an RNA splice site and termination codons in the coding sequence, 
and altered spacing between CCA AT and TATA boxes in the transcriptional
prom oter region (Proudfoot & M aniatis, 1980). Thus \j/a appears to be a 
relatively old pseudogene.
The hum an a -g lo b in  c lu ste r also p rovides in s ig h t in to  the 
evolutionary mechanisms that can give rise to pseudogenes. A comparison
of the sequences surrounding the \j/a pseudogene and the two active genes a l
and a 2 suggest that they arose by gene duplication and have subsequently 
undergone unequal crossing over (Lauer et al., 1980; Proudfoot & M aniatis,
1980). Such events still appear to be operating in present day human
populations, since chromosomes carrying either a single active a - g lo b in
gene (associated with a-thalassem ia; Proudfoot, unpublished results) or an
a-g lobin  gene triplication (Higgins et al., 1980; Goosens et al., 1980), have
been reported. Since the time that the \j/a, a l ,  a2 cluster was formed, the two
active genes a l  and a 2 have been maintained closely homologous by gene
conversion events, while \|/a  has accumulated base changes to becom e a
pseudogene. Sequences in the intergenic regions upstream  of a l  and a 2  
show strong hom ology and have been im plicated in gene conversion
(Proudfoot & Maniatis, 1980), and their absence upstream of i|m  ■ m ay perhaps 
explain why it too has not been subjected to conversion. Thus gene 
duplication by itself may not be sufficient to set a gene on the path to 
becoming a pseudogene; a more crucial step may be the point at which a 
gene no longer becomes subject to conversion by neighbouring genes and
is free to diverge on its own.
The p -g lo b in  gene c lusters o f a num ber o f m am m als show 
considerable variation in their complexity and organisation. However using
the DNA sequence information available for a large majority of the p -g lo b in  
genes within of species, it has been possible to relate the different present 
day clusters back to a simple four (or five) gene cluster , which has evolved 
by various gene duplication and unequal crossing-over events (Hardies et 
al., 1984; Hardison, 1984; Goodman etal.,  1984).
1 . 2 . 2  Proces sed  pseu dog en es
Processed pseudogenes have sequence characteristics that suggest
that they were derived from the incorporation of inform ation contained in 
RNA transcripts into new chromosomal locations in the genome. Processed 
pseudogenes relate to genes encoding proteins, but lack the intervening
sequences found in the functional parent gene. Most have oligo A tracts 
correctly positioned relative to the poly A addition signal at their 3' ends - a 
feature that further points to their origin from mRNA. In addition the 
processed pseudogenes are found to be dispersed to chromosomal locations 
which generally d iffer from  those of their parent genes. A schem atic
representation of a processed pseudogene and its functional counterpart is
shown in Figure 1.1.
Lai Sturdur-E.
Processed pseudogenes may be regarded as falling into two categories. 
Members of the first category are colinear with normal cellular mRNAs,
F ig u re  1.1 S ch em a tic  r e p re s e n ta t io n  o f a p ro cessed  p seu d o g en e  
an d  Lis  fu n c tio n a l c o u n te rp a r t
Funct iona l
gene
Pseudogene
The human p-tubulin functional gene and 21p pseudogene (Gwo-Shu Lee 
e ta l . ,  1983) are used as an example. The solid blocks represents exons, with 
the diagonal dashed lines between the functional gene and the pseudogene
indicating the common sequences. The arrows flanking the pseudogene 
indicate the d irect repeats. The solid line (functional gene) represents
flanking and in tervening sequences, while the dashed line (pseudogene) 
indicates the sequences flanking the pseudogene are not the same as those
flanking the functional gene.
starting at the 5' mRNA cap site and ending in an A-rich or oligo A stretch of 
7 to 36 nucleotides and are flanked by direct repeat sequences of 9 to 25
bases. The first example of this type was a human p - tu b u l in  pseudogene
(Wilde et al., 1982^. Subsequently, similar processed pseudogene^ have been
i
found corresponding to an ever increasing number of m am m alian gene
families. These include pseudogenes corresponding to genes for the mouse
cytochrome c (Limbach & Wu, 1985), p53 cellular tumor antigen (Benchimol
et al., 1984; Zakut-Houri et al., 1983), and ribosomal proteins L7 (Klein &
Meyuhas, 1984), L18 (Peled-Y alif e ta l . ,  1984), L30 (W iedemann & Perry, 
and
1984) *L32 (Dudov & Perry, 1984); the rat oc-tubulin (Lemisch ka & Sharp,
1982) and cytochrome c (Scarpulla, 1984; Scarpulla & Wu, 1983) and human
p-tubulin (Gwo-Shu Lee et a l ,  1983; Pichauntes e ta l.,  1982; Wilde e ta l. ,  1982a
and b), y-actin (Leube & Gallwitz, 1986); p-actin (Moos & Gallwitz, 1982; Moos 
& Gallwitz, 1983), dihydrofolate reductase (Chen et al., 1982; Masters et al., 
1983; Shimada et al., 1984), arginino-succinate synthetase (Freytag et al., 
1984), g lyceraldehyde-3-phosphate  dehydrogenase (Benham  e ta l . ,  1984 ; 
H anauer & M andel, 1984), m etallo th ionein  (K arin & R ichards, 1982; 
Varshney & Gedamu, 1984), and c-ras oncogene families (Chang e ta l . ,  1982; 
M cG rath et al., 1983; M iyoshi et al., 1984; Zabarovsky et al., 1 9 8 4 ) .  
Furtherm ore the rat cytochrome c (Scarpulla & Wu, 1983) and human
P-tubulin  (Lee et al., 1983) pseudogenes ,y; dem onstrate that where 
d ifferen t mRNAs w ith 3' un translated  regions of varying lengths are 
produced due to the use of alternative polyadenylation sites, processed 
pseudogenes corresponding to each of the different sized mRNAs may be 
found .
Another category of processed pseudogenes includes pseudogenes that 
are also clearly derived from RNA molecules, since they lack intervening
sequences found in the parent genes and end in oligo A or A-rich tracts; but
>
with structures that do not correspond to the normal cellular mRNAs of the 
parent genes. There are several exam ples of this type: (1) a human
im m unoglobulin  X light chain pseudogene (Hollis et al., 1983), containing 
spliced J and C regions but with no V region (which in immunoglobulin- 
producing cells is normally joined directly to the J region at the DNA level)
(2) a .human immunoglobulin 8 heavy chain pseudogene (Ueda et al., 1982;
Battey et al., 1982) comprising only the four spliced exons of the £ constant
region but no variable region coding elements (V, D, or J regions); (3) a 
mouse myosin light chain pseudogene (Robert et al., 1984), consisting of the 
five terminal exons common to both myosin alkali light chains LC1 and LC3, 
and lacking either of the two combinations of N terminal exons normally 
p re se n t in  the  c o rre sp o n d in g  c e llu la r  m RN A ; (4) a m ouse 
pro-opiom elanocortin pseudogene (Uhler et al., 1983; Notake et al., 1983) that 
includes only the sequences downstream of codon 67 in the 3' exon of this
gene; (5) a mouse y-actin pseudogene (Leader et al., 1985), that includes only 
the sequence downstream from amino acid at position 7, of the actin coding 
region; (6) mouse cellular tumor antigen p53, where at least 80 nucleotides 
are m issing from a long 51 untranslated reion (Benchimol et al., 19 8 4 ;
Zakut-Houri et al., 1983) and (7) mouse a-globin, a-\|/3 , extends at least 350 
nucleotides 5' to the transcriptional start site (Vanin e ta l . ,  1980; Nishioka er 
al., 1980).
The im m u n o g lo b u lin  and Cg and p ro -o p io m e la n o c o rtin
pseudogenes end in A-rich tracts of (CAx )y or (GA)X, whereas the myosin
light chain pseudogene has a short oligo A tract preceding an A-rich 
sequence. All are flanked by direct repeat sequences except for the mouse
a -\j/3  pseudogene. Pseudogenes (1), (2), and (3), are truncated at their 5 ’ ends 
relative to their parent genes and, appear to have arisen from transcripts 
tha t in itia ted  anom alously  in the in terven ing  sequence im m ediately
upstream  of those exons found in the pseudogene. The mouse a -\} /3  
pseudogene also appears to be derived from an aberrant transcript, derived 
from a promoter upstream of the usual transcriptional start position.
DLL .Or U  in s
Since processed pseudogenes are found in all, or most, individuals of a 
species and are transm itted as inheritable components of the genome, they 
must have originally arisen in cells of the germ line. It follows from this 
that processed pseudogenes would be expected only to be formed from those 
genes which are expressed in the germ line cells. Indeed, in the main, those 
processed pseudogenes that are essentially colinear with cellular mRNAs do 
seem to be derived from either 'housekeeping' genes common to all cell 
types or from genes that might be preferentially expressed in the germ line 
(e.g., tumour antigen p53, c-ras  oncogenes).
In contrast the majority of processed pseudogenes that appear to 
derive from  aberrant transcrip ts, orig inate from  genes that are not 
normally expressed in the germ line since they encode products of highly 
d ifferen tia ted  som atic cells (i.e ., lym phocyte im m unoglobu lin  chains,
erythrocyte a -g lob in ). Presum ably the aberrant nature o f the transcripts 
from which they appear to be derived is . a reflection o f their abnormal 
transcription in the germ line.
The human and mouse actin genes further exem plify very clearly 
this point that processed pseudogenes are usually only found in gene
families that are expressed in the germ line. Processed pseudogenes appear 
to account for a large part of the genomic sequences related to cytoskeletal
p- and y-actins, which are expressed in all non-muscle cells (Moos & Gallwitz, 
1982; Moos & Gallwitz, 1983; Ponte etal., 1983; Minty etal.,  1983). In contrast,
there are no pseudogenes corresponding to the a-ca rd iac  and a - s k e le ta l
muscle actins, products of differentiated somatic tissues, (Ponte et al., 1983). 
There are several examples, including those of mouse ribosomal proteins L7, 
L I 8, and L32, (Klein & Meynhas, 1984; Perled-Yalif et al., 1984; Dudov &
Perry, 1984), human non-m uscle tropomyosins (MacLeod & Talbot, 1983), a
p-tubulin isotype (Lee et al., 1983), and arginosuccinate synthetase (Freytag 
et al., 1984), comprising a single active gene and anything from  3 to 15
p ro cessed  p seud o g en e  co u n te rp a rts . The num ber o f p seu d o g en es 
corresponding to any one protein may be a reflection of the relative extent 
of transcription of the functional gene in the germ line (Lee et al., 1983).
Almost all processed pseudogenes have been found in  mammalian
species. However a single calmodulin processed gene has been found in
chickens (Stein et al., 1983), and one, at least, of the histone 'orphons' of sea
urchins -is derived from reverse transcribed mRNA:* (Lieberm ann et al., 
1983). In addition the F elements of D rosophila  m elanogaster  appear to be 
dispersed by the integration of polyadenylated RNA transcripts (DiNocera et 
al., 1983). Therefore the mechanisms responsible for the generation of
processed pseudogenes are not exclusive to mam m als, although some
features of mammalian gamete production and germ line transcription may 
make them peculiarly siBceptible to the formation of processed pseudogenes.
Age and  d iv e rg en ce
U nlike duplicative pseudogenes, which may be as little  as 75%
homologous to the parent genes, processed pseudogenes seem to show
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strikingly high (90 to 99%) homology to the genes from which they were 
derived. This suggests that they have arisen re la tive ly  recen tly  in 
evolu tionary  history.
The m yosin ligh t chain pseudogene, for exam ple, shares 99% 
nucleotide sequence homology with the active gene and, furtherm ore, is 
found in M us m u scu lu s , but not the related species Mus spretus, w h ic h  
diverged less than 7 MY ago (Robert et al., 1984). Similarly, a set of three
human p-tubulin pseudogenes show homologies of 91, 92 and 97% with their 
parent gene, and it has been estimated that they diverged around 13.4, 10.7 
and 4.4 MY ago, respectively (Lee et al., 1983). A further indication of the 
relative recent origin of some processed pseudogenes is the observation that
a human dihydrofolate reductase pseudogene, hD HFR-\|/l, which has perfect 
homology to the functional gene, is only present in  certain individuals of 
the species and shows an imbalance in its frequency in  d ifferent racial 
groups (Anagnou et al., 1984).
Thus processed pseudogenes appear to be recent genomic acquisitions. 
However, because the examples of processed pseudogenes studied to date 
have been detected and isolated using DNA hybridisation probes, the sample 
may be somewhat biased towards those that are little diverged from  their 
parent genes. If  probes were used at high stringency, m ore diverged 
processed pseudogenes may well have gone unnoticed. Indeed , when 
genomic blots are performed at reduced stringency, additional genom ic 
sequences with weaker homology to a probe can often be seen (Lee et al., 
1983; Minty e ta l . ,  1983). Furthermore an example of a highly divergent
processed pseudogene with only 77 to 80% nucleotide homology to an active
p-tubulin gene has been isolated from a human genomic library (Wilde et 
al., 1982). T herefore, genomes may contain whole series of processed 
pseudogenes that have become progressively more and more diverged from 
their parent genes, gradually 'fading out' into the genomic background.
L A I  Expression 1
It has been assurer ed that processed pseudogenes w ill have been 
transcriptional inactive since their time of formation. With the exception of
the mouse a-\|/3 globin pseudogene, which retains upstream RNA polymerase 
II promoter sequences, all other processed pseudogenes are coterminal with 
the ir corresponding  mRNAs and thus lack  tran scrip tiona l prom oters. 
Although it is not im possible to envisage integration occurring correctly 
downstream of an RNA polymerase II promoter, it seems unlikely that this 
could occur without adversely affecting the activity of other genes. Thus, it 
is simplest to assume that, almost by definition, ; ^ processed pseudogenes 
will have been incapable of expression from the time of their form ation 
onwards, even though initially they will have had intact coding regions and 
only subsequently  acquired the deleterious m utations ch arac teristic  of 
'duplicative' pseudogenes. Consistent with their inertness, some pseudogenes 
show a h igher degree o f DNA m ethy la tion  than  th e ir fu n c tio n a l 
counterparts (Lund & Dahlberg, 1984; Dudov & Perry, 1984).
In view of these considerations, it is somewhat surprising that a
/
processed calmodulin ’pseudogene’ appears to be specifically expressed in 
chicken m uscle (S tein  et al., 1983). H ow ever, c la rif ic a tio n  o f th is 
observation  aw aits the nucleotide sequence of reg ions flank ing  this 
processed pseudogene and a more detailed structural analysis of the reported
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tissue specific transcript. There are however other proposed examples of 
functional processed pseudogenes, rat preproinsulin I gene (Soares et al., 
19851) and ch ironom us  globin gene (Antoine & Niessing, 1984).
Ls.1  Xll£ snRN A  p seudogenes
Although only processed pseudogenes derived from genes encoding 
proteins have been discussed here it is interesting to note that they share 
structural features with snRNA pseudogenes. Small nuclear RNAs (snRNA) 
are a family of abundant discrete RNAs found associated with proteins in
ribonucleoprotein particles in the nuclei of eukaryotes. Each snRNA species 
(U l, U2, U3, U4 and U6 RNAs) is apparently encoded by approximately 100 to 
2000 genes that are dispersed in the genome, these estimates being based on 
solution hybrid isation  experim ents and on the frequency of clones in 
bacteriophage genomic libraries that hybridise to snRNAs (Hayashi, 1981; 
W estin et al., 1981, Denison et al., 1981). However sequence analysis of a 
number of cloned fragments hybridising to the snRNAs, revealed that, the 
vast majority contained snRNA pseudogenes (Hayashi, 1981; W estin et al., 
1981, Denison et al., 1981), perhaps as many as 80 to 90% of genomic
sequences are pseudogenes.
The pseudogenes are of several different types, classified on the basis 
of their structural characteristics. Some encode fu ll-length  snRNAs, but 
contain scattered base substitutions and insertions (W estin et al., 1 9 8 1 ; 
M anser & Gesteland, 1981; M onstein et al., 1983). In view of the virtual 
invariance of snRNAs in evolution, it appears unlikely that these sequences 
encode functional snRNAs. These pseudogenes also show sign ifican t
homology to functional snRNAs in their flanking regions, suggesting they 
were generated by divergence of duplicated snRNA genes. The significantly
greater conservation of 'coding' as apposed to flanking sequences even in 
the pseudogenes perhaps indicates that gene conversion has also been 
operating in this dispersed gene family (Denison & Weiner, 1982).
Other snRNA pseudogenes, in contrast, have characteristics that led to 
the suggestion that they were generated by the incorporation of reverse 
transcrip ts o f snRNAs into the genome at either b lunt or staggered 
chrom osom al breaks (Van A rsdell et al., 1981). A num ber of different 
mechanisms for the integration process have been elaborated tb take into 
account the different flanking structures of these pseudogenes; these are 
discussed more fully below. These pseudogenes are characterised by only 
containing sequences that are present in snRNA m olecules them selves; 
theiri; homology with snRNA genes begins precisely at the snRNA 5’ end and 
extends either to the 3' end of the snRNA or shows a slight or more severe 
degree of 3’ truncation. Some, but not all, pseudogenes are flanked by short 
direct repeats of 16 to 21 nucleotides; the longest snRNA pseudogenes 
additionally have short 3’ A-rich segments at their ends or preceding a 3’ 
direct repeat sequence (Hayashi, 1981; Piechaczyk et al., 1982). Since poly A 
is not norm ally present on snRNAs, such pseudogenes must have been 
derived from aberrantly polyadenylated molecules.
£11 Mechanism-,, p,f insertion
The, basic mechanism whereby processed pseudogenes are formed has 
been taken as the insertion of an mRNA or its cDNA copy into a staggered (or 
blunt) break in chromosomal DNA and subsequent repair of single stranded 
regions. W hile this outlined mechanism has gained wide acceptance, it has 
been considerably more difficult to define in greater detail the precise 
series of molecular events that give rise to these pseudogenes, since the only
in fo rm ation  concerning the ir m echanism  of orig in  derives from  the
organisation of sequences flanking them.
Any model for the formation of these pseudogenes must address the 
following questions: W hat is the polym erase responsible for the reverse
transcrip tion ? How is the reaction prim ed ? W here and how do the 
insertions occur in the genome ? Is the inserted molecule an RNA or a cDNA 
(or an RNA-cDNA heteroduplex) ?
The reverse transcriptase activity responsible for the form ation of 
these RNA - derived pseudogenes could have come from  an endogenous
retrovirus or a transient germ line infection by a retrovirus (Berstein et al.,
1983). It seems equally possible that they are formed as the result of some 
secondary activity of normal cellular DNA polym erase since human DNA
polym erase (3 can copy synthetic RNA template in vitro (Weissbach, 1977). 
However a source of cellular reverse transcriptase activity may be provided 
by the long interspersed repeated sequences, (LI elem ents) which have 
recently been reported to have the potential to encode a protein with such 
activity (Loeb et al., 1986).
The sites into which processed pseudogenes have integrated are often 
found to comprise relatively AT-rich sequences, as indicated by the direct 
repeat flanking sequences. Examples of such repeat sequences of processed 
peudogenes are shown in Table 1.3. Since such sequences are more prone to 
local melting of DNA strands and hence strand breakage, they might be 
expected to be a common source of sites for pseudogene insertion. It has also 
been suggested that topoisom erases play an im portant role in generating 
transient breaks in DNA between which the insertion may occur (Van 
Arsdell & Weiner, 1984).
Questions concerning the prim er for reverse transcription and the 
nature of the inserted molecule will be discussed together in comparing
different models ( shown in Figure 1.2), proposed to account for pseudogene 
formation. The first model-- (Figure 1.2A), that of Van Arsdell et al. for snRNA 
pseudogenes (Van Arsdell et al., 1981), suggested the following sequence of 
events (1) synthesis of a cDNA copy of the snRNA; (2) covalent linkage of 
the 3' end of the cDNA to a 5' overhang of a staggered chromosomal break;
(3) second strand cDNA synthesis primed from the recessed 3’ OH of the 
break; and (4) ligation and repair of the ends of the break, creating 
flanking direct repeats. The authors preferred the insertion of a reverse 
transcript of the snRNA molecule as this obviated the need to propose
mechanisms for decapping the snRNA and for the ligation of RNA to DNA. Of
itself this model does not explain how synthesis of the first cDNA strand is 
primed. For severely truncated snRNA this presents no problem  since the 
snRNAs from  which they derive can act as self-prim ing tem plates for 
reverse transcriptase in vitro (Berstein et al., 1983); and if  sim ilar cDNAs 
were formed in vivo , they could give rise to pseudogenes as indicated in the 
model. However in extending this model to full-length snRNA pseudogenes 
and to processed pseudogenes that are full-length copies of mRNAs, it is
presumably necessary to invoke some exogenous T-rich prim er molecule for 
synthesis of the first cDNA strand.
This minimal 'cDNA insertion' model has been elaborated to involve 
topoisomerases in the formation of staggered or blunt chromosomal breaks 
(Van Arsdell et al., 1981; Van Arsdell & W einer, 1984; Figure 1.2B). In
addition, it was suggested that homology between the downstream  direct 
repeat sequence and the incoming cDNA molecule might be instrum ental in 
anchoring the cDNA relative to the staggered break (Moos & Gallwitz, 1983). 
This would account for the fact that flanking direct repeat sequences 
frequently overlap the 3' end of truncated U2 snRNA pseudogenes or the 3' 
oligo A or A-rich tails of full-length snRNA and processed pseudogenes,
K ey to references :
1) Gwo-Shu Lee etal.,  (1983)
2) Wilde et al., (1982)
3) Moos & Gallwitz, (1982)
4) Moos & Gallwitz, (1983)
5) Hollis et al., (1982)
6) Battey et al., (1982)
7) Varshney & Gedamu, (1984)
8) Lemischka & Sharp, (1982)
9) Scarpulla, (1984)
10) Zakut-Houri et al., (1983)
11) Wiedemann & Perry, (1984)
T ab le  1.3 Sequence of d ire c t re p e a ts  f la n k in g  p rocessed  
p s e u d o g e n e s
Flanking direct repeats 
Processed pseudogene 5' repeat 3' repeat
H u m a n
7p-tubu lin*
11 (3-tubulin^
\)/l p-actin^
\{/2 p-actin^
X\|/l im munoglobulin^
e im m unoglobulin^
m ethallo th ionein  1^
R a t
a - tu b u lin ^
RC-5 cytochrome c^ 
M o u se
p53 tumour a n t ig e n ^  
ribosomal protein L 3011 
ribosomal protein L 3 2 11
CAATAAAATGCACAGGTCTGCC
CACTCAAAGAAATCAGAGATGT
CATATAAAAC T TAT GTTTCTGC
ATATATAAACCTCCTTACACCG
CTTAGAAGAGGATGTGAATGCT
CAAATTGTGCCTAAGCGAATTT
TTTAAAGAGGTAATTAAGGCAC
CTTATAAAAAGAGATTTTTGGC
GAGCTCATAAAGACCTGTAGCC
CTCTATAAAGAACTCAAGAGGT 
AATGAAAACTCTAACATTCGCC 
ACAT TACAAATTAGCTGCT GC T
AAAAAAAATGCACAGTTCTACA
AAAAAAAAGAAAT CAGAGAC T G
AAAAAAACACTTATGTTTCCAC
AAAAAAAAACCTCCTTGCATAT
AAAAAAAGAAGAT GT GAATAT T
ACACTAAAACCTAGAGGAAAAC
AAAAAAAAGGTAATGAAGGGTG
CTTAAAAAAAGAGATTTTTTTT
ATTTAAAAAAAGAACTGTAACC
AAAAAAAAAGAAC T CAAGAAAC 
AAACAAAAC T C TAACAT T C T CC 
AAAAAACAAATTAGCTGCTTTT
* The direct repeats are overlined.
Figu rel.2  M odels proposed for the generation of RNA-derived
processed pseudogenes.
( A ) ( B )
(1)
(2) ( 1 )
(3) * ®-
(5) (4)
(1) Reverse transcription of RNA
(2) Staggered break in DNA
(3) Ligation of cDNA
(4) Second strand synthesis
(5) Ligation and repair
(1) Ligation of cDNA to 
topoisomerase activated break
(2) Second strand synthesis
(3) Downstream homology to cDNA 
blocks strand extension
(4} Ligation and repair
(C) (D)
(1) ZT •MM 3 (1)
(5) (4)
(1) Break in DNA at AT-rich region
(2) Hybridisation of T*rich end to 
mRNA polyA tail
(3) cDNA synthesis
(4) Second strand synthesis
(5) Ligation and repair
(1) Nick in DNA tailed with 
T-rich sequence
(2) Hybridisation to mRNA, 
cDNA synthesis
(3) Ligation to  second DNA nick
(4) Replacement of RNA, 
ligation and repair
Thin wavy lines represent RNA, thick wavy lines cDNA, and thick lines 
second strand or repair DNA synthesis. Flanking direct repeats resulting from 
the in sertion  are indicated by short arrows (— >) and topoisom erase 
molecules by . (A), (B) 'cDNA insertion' models for the generation of snRNA
pseudogenes (Van Arsdell et a i ,  1981; Van Arsdell & Weiner, 198*4), (C) ’Primed 
insertion' model for mRNA derived pseudogenes (Vanin, 1984). (D) Retroposon 
insertion (Rogers, 1985).
(Table 1.3).
This latter observation also points to an alternative model, which to a 
large extent overcom es the difficulty  of 'cDNA' insertion. The overlap 
between the 3' ends of pseudogenes and their flanking direct repeats, 
suggests that the 3' overhangs at staggered chrom osom al breaks might 
themselves act as primers for the initial cDNA synthesis by virtue of their 
partial homology to RNA. Thus this model (Figure 1.2C), combines the two 
steps of cDNA synthesis and cDNA insertion. Since the cDNA molecule is 
prim ed by a single stranded region of the genom ic DNA itself, it is 
necessarily already linked into the chromosome. Subsequent steps would 
involve the replacement of the RNA to generate a double-stranded cDNA and 
repair and ligation of the ends (Vanin, 1984).
A variation on this 'primed insertion’ theme has been suggested by 
Rogers in a general model for retroposon formation (Rogers, 1985). In this 
model, (Figure 1.2D), a nick in chromosomal DNA becomes tailed with T-rich 
sequences, which then act as prim ers for cDNA synthesis. To ensure 
complete copy of the mRNA, the 5' end of the inserted RNA is ligated to a 
second nick in  the target DNA and repair synthesis completes the process to 
generate a retroposon flanked by direct repeats.
It is most likely that no one mechansim is /  - universal, and
the variety of pseudogenes and retroposon structures and flanking 'tail' and 
repeat sequences probably reflects a variety of ways in which sequences 
contained in RNA may be reintroduced into the genome.
1.3  Eukaryot ic  repeti t ive DNA
P ro k a ry o te s  p o sse ss  r e la t iv e ly  sm all genom es c o n s is tin g  
predom inately of DNA sequences of low copy number. The sizes of the 
genomes of different species vary by less than an order of m agnitude 
(Kingsbury, 1969). Eukaryotic genomes are generally much larger than 
their prokaryotic counterparts, and a far greater proportion (30-40%) of 
their DNA is repeated (Britten & Kohne, 1968; Laird, 1971). This repetitive 
component consists of several types of sequence and it has often been useful 
to classify these sequences according to their structure, d istribution and 
frequency of repetition (Jelinek & Schmid, 1982).
The repetitive sequences of the eukaryotic genome can be divided into 
h ighly  rep e titiv e  and m iddle rep e titiv e  frac tions on the basis of 
renaturation kinetics (B ritten & Kohne, 1968). The highly repetitive 
fraction consists of what are term ed DNA satellites, generally the most 
highly repetitive sequence component of the eukaryotic genome (Britten & 
Kohne, 1968). 'Middle-repetitive' DNA is a term used as a broad description of 
heterogenous sequence components c o n s is tin g  of many different fam ilies 
of lower copy number repetitive DNA (Britten & Kohne, 1968).
A lthough the m ain purpose o f th is  sec tion  is to rev iew  
'm iddle-repetitive' DNA sequences, it is also appropriate to present a brief 
summary of the main features of satellite DNA.
1 . 3 . 1  DNA satel l i tes
Satellite DNA represents highly repeated sequences, o f which there 
may be a m illion or more copies per haploid genome, which are usually 
quite short and are arranged in tandem  arrays. The origin o f the name 
satellite relates to the method of its isolation on caesium chloride buoyant 
density gradients o f sheared DNA where it will sometimes form a satellite 
band separated from the main DNA band, due to its differing content of 
adenine and thym ine residues. The sim plest known satellite DNA is poly 
[d(A-T)] w hich occurs in  certain  crabs. O ther sate llites can have any 
number up to several hundred base pairs which are repeated in  tandem 
fashion along the genome.
Human DNA has been shown by density-gradient centrifugation to 
have four main satellites (Jones & Corneo, 1971; Evans et al.y 1974), and by 
dye binding (Ohno, 1971) and restriction endonuclease cleavage (Maio et al., 
1977), to have two additional satellites. The distribution o f the satellite DNA 
among chromosom es varies. Some chromosomes have virtually  no satellite 
sequences while others (notably the Y chromosome) are largely composed of 
satellite sequences (Miklos & John, 1979). In general satellite DNA appears to 
be concen tra ted  near the cen trom ere  o f the chrom osom es in  the 
heterochrom atin fraction. DNA sequence analysis has shown that the basic 
repeat unit o f satellites is itse lf made up of subrepeats. For exam ple the 
major mouse satellite has a repeating structure of 234 base pairs made up of 
four related 58 and 60bp segments each in turn made up o f 28 and 30bp 
sequences (M an u e lid is , 1978; Horz & A ltenburger, 1981). The satellites 
betw een and w ith in  re la ted  species are them selves re la ted  in  an 
evolutionary sense by cyclical rounds of m ultiplication and divergence of
an initial short sequence (Southern, 1975). The nature o f the multiplication
process is  not know n fo r certa in  but p robab ly  invo lves unequal
recom bination events. The divergence involves single base changes and 
insertions and deletions (Pech et al., 1979; Taparowsky & Gerbi, 1982).
Despite the detailed knowledge o f the sequence and distribution of 
satelllite DNA, there is little idea as to the function in the cell. Originally, it 
was thought tha t sa te llite  DNA was not transcribed  since RNA of 
corresponding sequence was seldom isolated. H owever occasional cases of 
satellite transcription have since been reported ( Varley et al., 1980; Jamrich
et al., 1983). On the whole, transcriptional inactivity o f satellite DNA ties in 
with its localisation in heterochrom atin. As satellite DNA is often lost in
somatic cells, it has been proposed that it may have some function in the
germ cells (G autier et al., 1977; Adams et al., 1983; Bostock, 1980). This
function may re la te  to the recom bination events w hich occur during
gam etogenesis and which may be enhanced by the presence o f blocks of
similar DNA sequences on several chromosomes.
1 - 3 .2  M id d le - r epe t i t i ve  DNA
'M iddle-repetitive' DNA is a term usually used as a broad description of 
an add itional he terogenous sequence com ponent consis itin g  o f  m any 
d iffe re n t fam ilie s  o f low er-co p y -n u m b er re p e titiv e  e lem en ts  w hich  
collectively com prise a m ajor fraction (30 - 40%) o f the DNA in most 
eukaryotic genom es (B ritten & Kohne, 1968). M iddle-repetitive DNA has 
been studied in a variety o f eukaryotes. H owever this review  will look 
mainly at new studies in a few selected organisms, in which the greatest
ad v an ces  in  u n d e rs ta n d in g  the  s tru c tu re  and d is tr ib u tio n  o f 
middle-repetitive DNA have been made.
L a i  D rosophila  m id d le - re p e tit ive DNA
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Approximately 12% of the genome of D rosophila  m elanogaster  
consists of 'middle-repetitive* DNA (Brutlag et al., 1977). About one quarter of 
this component consists of dispersed tRNA genes and tandemly-repeat genes 
coding for histones, rRNA and 5s RNA. The remainder consists of about 50 or 
more families of dispersed repeated elements containing between 10 and 100 
sequences  p e r fam ily . U sing  a panel o f  sev en te en  d isp e rsed  
m iddle-repetitive DNA sequences selected at random by cloning, Young 
(1979), showed that the location of some or all differed in the polytene 
chromosomes of two non-interbreeding strains of D rosophila  m elanogaster, 
indicating that in all cases the sequences were derived from  fam ilies of 
mobile genetic elem ents. Sim ilar experim ents have been perform ed in 
several other laboratories (Rubin et al., 1981; Ananiev et al., 1984; Hunt et al., 
1984; Junakovic et al., 1984). Some of these sequences corresponded to well 
characterised families of transposable genetic elements including c o p ia - lik e  
sequences \Copia, 412, 297, 17.6, mdgl, mgd3, b l0 4 r (Rubin et a l ,  1981; Scherer 
et al., 1982) and other distinct fam ilies of mobile elements including FB 
elements (Potter et al., 1980), Gipsy (Modolell et al., 1983), P-elem ents (Rubin 
et a l ,  1982), hobo (McGinnis et al., 1983), I-factors (Bucheton et a l ,  1984) and 
less well-characterised mobile elements (Young, 1979). It has been estimated 
that these fam ilies of dispersed transposable genetic elements collectively 
may total over 30 and account for most of the remaining 75% of the 
m iddle-repetitive DNA in D rosoph ila  m e la n o g a s ter  and related species 
(Spradling and Rubin, 1981). The locations of these dispersed mobile
elements are generally conserved within an inbred fly population (Ananiev 
et al., 1984) and invariant between separate stocks of the same species 
(Y oung, 1979; Junakovic et al., 1984). M oreover, some fam ilies  of 
transposable elements may be absent altogether from closely related species 
of Drosophila  (Dowsett & Young, 1982; Hunt et al., 1984). The remainder of 
the middle-repetitive elements appear to be confined to constant positions at 
specific chromosom al locations, including the pericentrom eric regions of 
polytene chromosomes (Dowsett & Young, 1982). Recent careful studies 
(A naniev, et al., 1984) have revealed several other sign ifican t findings 
concerning the properties of mobile dispersed m iddle-repetitive elements in 
D r o s o p h i la .  These include the observation that some fam ilies of elements 
may 'prefer' to transpose into similar genomic locations; that the presence 
of a number of such elements at a single chromosomal region does not affect 
chromosome morphology; that polytene bands with the largest DNA contents 
probably offer the largest targets for transposition; that the regions of DNA 
surrounding centromeres may be composed almost entirely o f clusters of 
mobile elem ents.
From this large amount of structural information it is possible to come 
to several conclusions; (1) the m ajority  o f m iddle-repetitive DNA in 
D r o s o p h i l a  consists of potentially  m obile genetic elem ents; (2) the 
chromosomal location and copy number of a given mobile m iddle-repetitive 
element is under close genetic control within a given fly population, and (3) 
most of the dispersed middle-repetitive DNA provides no function essential to 
the survival of these insects.
O i l  R odfint__ and__ p rim a te__ m id d le -re p e titiv e  DNA
Mammalian middle-repetitive DNA can generally be classified into two 
categories according to the length of the repeating unit.
(1) SINEs, short interspersed repetitive elements that are normally
several hundred base pairs in length.
(2) LINEs, long interspersed repetitive elements which appear to be 
thousands of base pairs in length (Singer, 1982).
This section will concentrate on the two most abundant and well
characterised  members of these m iddle-repetitive sequence fam ilies in
mammalian DNA: the short interspersed Alul repeats (Houck et al., 1979), and
the long interspersed repeated elements referred to as LINE or L I elements
(Voliva et al., 1983; Singer, 1982, Singer & Skowronski, 1985).
(i)yU w I-repeats. M ost of the m iddle-repetitive DNA in mammalian
genomes consists of numerous families which are only a few hundred base
pairs in length (Schimd & Deininger, 1975). One SINE family dominates this 
and is
repetitive fraction * referred to as the A l u l  fam ily because m ost of its
e ta l . ,
members contain A l u l  restriction sites (H ouck,T 1979). There are 500,000 
copies of A /w I-repea ts , rep resen ting  several percen t o f the genom e.
Equivalent sequences to Alul-repeats have been identified in other prim ates
and in rodents (Grimaldi et al., 1981; Hayes et al., 1981), and also X e nop us
(Ullu & Tschudi, 1984). Human Alul-repeats consist of a head-to-tail tandem
arrangement of two related sequence about 130bp long, each term inated by
an A-rich tail. This is shown diagrammatically in Figure 1.3. One of the 
sequences contains an additional, internal segment of 32bp (Deininger et al.,
1981). The equivalent sequence in rodents is derived from just one 130bp 
repeating unit, containing a tandem repeat form by a duplication of a 
internal 3Obp sequence (Kalb et al., 1983).
F ig u re  1.3 T he s t r u c tu r a l  re la t io n s h ip  o f h u m an  7SL RNA to 
the consensus sequence of hum an and ro d en t A l u  DNA
R o d e n t  Ain DMA
Human 7SL RNA
.^n Human Alu DNA
10 bp
Homologous sequences are indicated by identical shading. Human A lu  
DNA is a head to tail dimer of two similar sequences, about 130bp long. The 
right monomer contains an insert (I) which is not present in the left half 
(D eininger et al., 1981). The rodent Alu equivalent sequence is a monomer 
(Krayev et al., 1980; Haynes et al., 1981). The mouse B1 A lu  -equivalent 
consensus sequence com piled by Kalb et al., (1983) contains an internal 
tandem duplication of 30bp. Arrows above the rodent A lu  DNA indicate the 
position of the 30bp tandem duplication; (A)n denotes an A-rich sequence 
which follows the Alu sequence at the 3' end.
7SL-specjfic sea
R ecent studies have revealed a high sequence hom ology (80%) 
between the longer unit of the Alul consensus sequence and the 5' and 3' 
portions of the 7SL RNA. The 7SL RNA is an abundant cytoplasmic RNA, 
300bp in length and forms part of the signal recognition particle, (Walter & 
Blobel, 1980). As shown in Figure 1.3 the central 155bp of the 7SL RNA 
sequence is absent from the Alul-repeat (Ullu & Tshchudi, 1984). This work 
provided an im portant insight into the evolution of A lul repeats in 
mammalian DNA. Only two 7SL RNA genes and no Alul-repeats are found in 
the Drosophila genome (Gundelfinger et al., 1984). Analysis of the 7SL RNA 
in man, Xenopus  and D r o s o p h i la  indicated that the sequence is subject to 
strong evolutionary conservation (Ullu & Tschudi, 1984). It has been argued 
that A lu l-repeats  are derived from  processed  7SL RNA transcrip ts , 
containing a 3' poly A tail (Gundelfinger, 1983). Altogether this research 
has suggested that 7SL RNA is the progenitor of the A l u l  sequence fam ily.
( ii)  LI elements (Rogers, 1984; Singer & Skowronski, 1985). Primate
and rodent DNA appears to have only one major family of long interspersed 
and is
repeated elements,r  referred to as the LI family. Primate L I sequences have 
shown to be evolutionary related to the L I family of rodents by DNA 
hybridisation and sequence analysis (M anuelidis & Biro, 1982; M artin et 
al., 1984; Singer et al., 1983). More recently it has been shown that sequences 
homologous to L I elements are present in a wide variety of mammals, 
suggesting that L I is ancient and has been conserved through mammalian 
evolution (Katzir et a l ,  1985; Witney & Furano, 1984). There are 10^ copies of 
these elements, varying in length up to 6 - 7kb and accounts for at least 2 - 
3% of the mammalian genome (Singer, 1982). Different segments of rodent 
L I elem ent were cloned independently as separate sequence and were
referred to as BstNl (Cheng& Schildkraut, 1980), BamHI (Soriano et al., 1983),
&Zachau,
Bam5 (Fanning, 1982), R-family (G ebhart/r 1983) and MIF-1 repeats (Brown,
1983). These separate repeat sequences were then later shown to be colinear 
(Fanning, 1983; Bennett & Hastie, 1984; see Figure 1.4).
The majority of the members of the human and rodent L I families are
not 'full-length* copies of the consensus sequence (Figure 1.4). M ost
members are truncated at different and apparently random distance from a
common 3' end (Fanning, 1983; Voliva et al., 1983). Therefore, the extreme 5'
sequences o f the L I e lem en ts  are rep re sen ted  less  f req u en tly
(approxim ately 10,000 times in the genome) than extreme 3’ sequences
(85,000 times in the genome), (Gebhard et al., 1982). The 3' end of individual
e ta l .*
LI elements contain a poly A tail of variable length (Lerman, 1983; Grimaldi, e ta l .
1984), which corresponds to the 3’ end of RNA transcrip ts in vivo
(DiGiovanni e ta l. ,  1983). Individual L I elements are bordered by small, (less
than 15bp) direct repeats. Taken together these observations suggest that
individual LI elements are generated via an RNA intermediate and insert at
a staggered break in the genome (Voliva, et al., 1984; Wilson & Storb, 1983).
Several 'full-length' mouse LI elements have recently been isolated (Loeb et
al., 1986). Comparison of their 5' ends revealed that L I elem ents have
multiple copies of a 208bp direct tandem repeat at their 5' end. The two
9 9examples documented so far, have 4 ^/3 and 1 ^/3 copies respectively of the 
tandem repeat, the ^/3 copy being the most 5’ member (Loeb et al., 1986). 
Hybridisation experiments r-v indicate that this 208bp sequence is
a regular feature of many long LIM d members. However this tandem repeat 
'shows no homology with a previously described 5' end of a LIM d element 
which was also internally and genomically repetitive (Fanning, 1983).
The presence of at least two different ends could be an indication of 
different biological functions.
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F ig u re — L I  C onsensus re s tr ic tio n  m a p  of L I  e l e m e n t s
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Several investigators have noted an open reading fram e in  both
prim ate and mouse L I (M anuelidis, 1982; M artin et al., 1984; Potter, 1984). 
M artin et al. (1984) com pared a 312bp region o f monkey and mouse L I
sequences, finding a silent versus replacem ent ratio  indicating that this 
portion of L I has evolved under the selection fo r protein function. Recent 
anaylsis o f 'full-length ' mouse L I elem ents has identified  two large open 
reading frames (ORFs) of 1,137 and 3,900bp which are also evolving under 
the selection of protein function (Loeb et al., 1986). An open reading frame 
hom ologous to the larger ORF o f the mouse L I elem ent has also been
identified in primate L I elements (Hattori et a l ,  1986). It was shown that the
rodent and prim ate L I elem ents have significant sequence homology to 
several RNA dependent DNA polym erases o f viral and transposable element 
origin (Loeb et al., 1986; Hattori et al.„ 1986). This provides a possible 
explanation for the preferential active dispersion o f the L I fam ily sequence.
The present state of knowledge o f L I elements leaves several issues 
unresolved. The main issue concerns the function o f the L I  elem ent gene 
product. Correlating genotype and phenotype, which is d ifficult to do in a 
mammalian genetic system, is made even more difficult by the properties of 
the L I family. It is difficult to isolate a functional L I gene because o f the 
copy number and the homogeniety o f the family. Rodent L I transcripts can 
identified but they appear to be heterogeneous in  length (Fanning, 1982; 
Soriano, et al., 1983) and are transcribed from both strands (Jackson et al.,
1985). Transcription studies o f prim ate L I indicate both heterogenous-sized 
(Kole et al., 1983; Shafit-Zagardo et al., 1983) and homogenous-sized (Kole et 
al., 1983; Skowronski & Singer, 1985) strand-specific RNAs can be found. So 
far no LI protein products have been identified.
4 2
( c l  F o ld b ack  DNA
'Foldback DNA’ is a term originally coined by Wilson & Thomas (1974) 
to describe the DNA structures form ed when eukaryotic DNA is denatured 
and allow ed to anneal at low DNA concentrations to avoid intermolecular 
reassociation. They resu lt from  the presence o f inverted repeat sequences 
located w ithin the same DNA fragm ent, and account for a variable though
significant fraction (1-10%) o f the DNA in most eukaryotic genomes. It is
established that foldback DNA is represented in all frequency classes and is 
widely distributed throughout m etaphase chromosom es. Its size is generally 
in the range 300 to 1200 base pairs, although in some cases it can be as large 
as several kb (Perlman e ta l . ,  1976; Jelinek, 1978; Schmid & Deininger, 1975; 
Hardman et al., 1979a,b). Initially the general properties and distribution of 
foldback sequences were studied in  a wide range o f eukaryotes, from slime
moulds to mammals (Cech & Hearst, 1975; Deininger & Schmid, 1975; Hardman
& Jack, 1977). In  this early w ork much attention was paid to studying 
differences in  the distribution o f foldback elements in  different species and 
m aking co rre la tio n s  betw een  th e  p ro p erties  o f  fo ld b ack  DNA and 
m iddle-repetitive DNA sequences (Schm id et al., 1975; Hardman et al., 1979b, 
1980). Just over a decade ago a reassociation-kinetic study o f total X e n o p u s  
laevis foldback DNA led to the suggestion that these sequences may be 
mobile genetic elements (Perlman e t al., 1976).
-1.4 Background,  and objectives of  this research project
The objectives of the work described in this thesis were to analyse two 
examples of repeated DNA. They were an example of inverted repeat DNA and 
a possible large repeated DNA region, both of which were in mouse genomic 
clones containing actin-like sequences, presum ed to represent processed
p seud o g en es .
The initial observations which provoked this work and provided oneofits
bases were obtained by electron microscopic heteroduplex analysis of the two 
clones isolated from a mouse genomic lambda library by screening with an 
actin cDNA probe. The analysis was perform ed by Dr H.Delius (EMBL 
H eidelberg) and was in itially  undertaken to locate the actin-like regions
within the genomic clones AmA14 and AmA36. Individual separated DNA 
strands from the lambda recombinants were annealed to one of two reference
mouse genomic clones, AmA19 and AmA81, which were known to contain
y-actin processed pseudogenes in different orientations relative to the lambda
arms. The positions of these actin pseudogenes within the mouse DNA inserts
were known, and the complete sequence of the actin pseudogene in A m A 19
was subsequently determined, (Leader et al., 1985). Thus, measurements of
the position of the heteroduplex formed between the actin-like sequences in
AmA14 and AmA36, and the reference pseudogene with the same orientation,
allowed the position of the actin-like DNA relative to the lambda arms to be
deduced from AmA14 and Am A3 6. J .
Figure 1.5 shows an electron micrograph of a heteroduplex between
separated single strands of AmA19 and AmA14, and Figure 1.6 is a schematic 
interpretation of this. It can be seen that the actin-like regions in the two
F ig u re  1.5 E le c tro n  m ic ro g ra p h  q1  Ul£ ll£l£T-Q-dU-Pl^ focm&d
betw een sep ara ted  single s tran d s  of A,mA19 and  A,mA14
The electron  m icrograph is courtesy  of Dr H .D elius (EMBL 
H eidelberg). A schematic interpretation of this m icrograph is shown in 
Figure 1.6.
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F i g u r e  1.6 S c h e m a t i c  interpretation  o f  t h e  h e t e r o d u p lex  f o r m e d
betw een sep a ra ted  single s tran d s  of XmA14 and  X m A f 9
A schem atic interpretation, by Dr H. Delius, of the heteroduplex 
shown in Figure 1.5. The electron micrograph stem sections are designated 
a and b.
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lambda recombinants were in the same orientation relative to the arms. As
the orientation of the actin-like region in kmA19 was already known to be 5’ 
to 3' relative to the conventional representation of the long and short arms of
lambda, that in >.mA14 must be likewise. M easurements indicated that the
i
heteroduplex of the actin-like region was 1.79kb in extent, and separated 
from the long arm of lambda by non-heteroduplex regions of 2.4 and 2.9kb.
As it was already known that the actin region in A,mA19 was 2.9kb from the 
long arm, it was concluded that the 2.4kb non-heteroduplex  reg ion
represented the distance of the actin-like region of XmA14 (which must be at 
least 1.79kb) from the long arm of lambda. W ithin an estimated 50 nucleotides 
of the 3’ end of the actin-like region, a foldback structure was observed. This 
foldback structure comprised a stem o f 1.3kb with a 5.2kb loop at its 
extremity and a side loop of 4.0kb which interrupted one side of the stem. It 
could not be concluded from the electron micrograph whether the side loop 
in terrupted the stem on the left or on the right-hand side. The two
possibilities for the self-hybridisation structure of A,mA14 are represented
diagrammatically in Figure 1.7 as XmA14(a) and XmA14(b). Figure 1.8 shows 
the relative positions of the inverted repeat regions predicted to give rise to
the structures in 1mA 14(a) and 1mA 14(b) in a linear representation with the 
detailed electron micrograph m easurem ents.
The actin-like region in XmA36 was in the opposite orientation to that in
l,mA19 and heteroduplex analysis of ?imA36 was therefore perform ed using
A,mA81. Figure 1.9 shows a schematic diagram of the electron micrograph of 
the heteroduplex form ed. M easurem ents ind icated  that the heteroduplex  
between the actin-like regions was 1.74kb in extent and was separated from 
the short arm of lambda by non-heteroduplex regions of 2.45kb (known to be
F ig u r e  1.7 D ia g r a m m a t ic  r e p r e s e n t a t i o n  o f th e  fo ld b a c k  
s tru c tu re s  in XmA14 and X.mA36
(i) D iagram matic representation . of the two possibilities for the
self-hybridising structure in ^mA14, based on Figures 1.5 and 1.6.
(ii)  D iagram m atic representation o f the self-hybridising structure
in ?imA36, based on Figure 1.9.
The actin-like regions are shown as solid areas. In the case of km  A3 6 
the actin-like region is interrupted by an estimated 540bp of extra DNA. The 
electron micrograph stem sections are designated a, b, c and d and can be 
followed by a subscript L or R, which respectively refers to the left or 
right-hand side of the stem.
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F ig u re  1.8 D ia g ra m m a tic  re p re s e n ta t io n  of XmA14 and km A 36 in 
a linear form
(i) Shows the relative positions of the inverted repeat regions in
/lm A14 predicted to give rise to the foldback structures, in a linear
rep resen ta tio n  o f Figure 1.7, w ith the detailed  e lectron  m icrograph 
m e a su re m e n ts .
( ii)  Shows the relative positions of the inverted repeat regions in
XmA36 predicted to give rise to the foldback structure, in a linear
rep resen ta tio n  o f Figure 1.7, w ith the detailed  electron  m icrograph 
m e a su re m e n ts .
The actin-like regions are shown as solid areas. In the case of Xm A36, 
the actin-like region is interrupted by an estimated 540bp of extra DNA. The 
electron micrograph stem sections are designated a, b, c and d which can be 
followed by a subscript L or R which repectively refers to the left or
right-hand side of the stem.
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F ig u re  1.9 D ia g ra m m a tic  r e p r e s e n ta t io n  o f th e  h e te ro d u p le x  
form  betw een sep ara ted  single s tra n d s  of 7imA36 and  
X,m A81
This is a schem atic in terpreta tion  of the heteroduplex  analysis 
performed by Dr H.Delius (EMBL Heidelberg). The electron micrograph stem 
sections are designated c and d, and can be followed by a subscript L or R 
which respectively refers to the left or right-hand side of the stem.
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the separation in ^m A 81) and 1.67kb, which was concluded to be the
separation in ^mA36. The heteroduplex between the actin-like regions was 
interrupted by a 540bp region of non-hom ology, which was deduced to 
represent extra DNA, approximately 200bp from the 5' end of the actin-like
region of kmA36. W ithin an estimated 550bp of the 3’ end of the actin-like
DNA in ?imA36 a foldback structure was observed. The foldback structure was 
composed of a stem of 870bp with a loop of 5.03kb and, directly adjacent to
this there was a second stem of 700bp with no loop at its end. A diagrammatic
representation of the structure of the self-annealed single strand of tan A3 6 is 
shown in Figure 1.7, and Figure 1.8 shows the relative positions of the 
inverted repeat regions responsible for this self-hybrid isation in a linear
representation of XmA36 with detailed electron micrograph measurements.
Although the foldback structures of 7,mA14 and XmA36 both contain 
loops of similar size and in similar positions relative to the actin-like region,
they clearly differ in detail. For example, the lengths of the heteroduplex
stems were different, the foldback structure in X.mA14 contained a side loop
not present in X.mA36, and tanA36 contained an extra stem not present in
tanA14.
The precise objectives in studying the tanA14 and XmA36 w ere as 
follows. The first objective was to determine the degree of similarity between
XmA14 and A.mA36 over the whole of their inserts, in order to discover 
whether they were, in fact, related. This was of in terest as processed 
pseudogenes are thought to arise in single independent events. The second 
objective was to determine the nature of the DNA which constituted the 
inverted repeats (foldback stems) within the two mouse genomic clones, in 
view of the occurrence of such structures in certain mobile elements.
CHAPTER 2 Materials and Methods
2 .1  M a t e r i a l s
2 .1 .1  C h e m ic a ls
Unless otherwise specified all chemicals were Analar grade supplied by 
BDH Chem icals Ltd. or Fisons Scientific Apparatus. W here chem icals or 
equipment were obtained from other sources this is indicated in the text and a 
list of the names and addresses of the suppliers is given below.
U L J L  S jtfjL p itfiE S .
Anglian Biotechnology Limited, Essex, England 
Amersham International pic, Amersham, Bucks., England 
Aldrich Chemical Co., Gillingham, Dorset, England 
BBL Microbiology Systems, Cockeysville 
BDH Chemicals Ltd., Poole, Dorset, England
Bio-rad Laboratories Ltd., Caxton Way, Watford, Herts., England 
A & J Beveridge Ltd., Edinburgh, Scotland 
Beckman Instrument Inc., High Wycombe, Bucks., England 
Bethesda Reseach Laboratories (UK) Ltd., Cambridge, England 
Bioserv Ltd., Worthing, Sussex, England
The Boehringer Corporation (London) Ltd., Lewes, E.Sussex, England 
James Burrough Ltd., Fine Alcohol Division, London, England 
Calbiochem-Behring Corp. (UK), Bishops Stortford, Herts., England 
Cronex-Lighting, Du-pont (UK), Huntingdon, Cambs., England
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C ollaborative R esearch Inc., U niversal Scientific  Ltd. (UK distr), 
London, England
Difco Laboratories, West Molesey, Surrey, England 
Fisons Scientific Apparatus, Loughborough, Leics., England 
Koch-Light Laboratories Ltd. Colnbrook, Bucks., England 
Kodak Ltd., Kirby, Liverpool, England
LKB Instruments Ltd., LKB House, South Croydon, Surrey, England
New England Biolabs., CP Labs. Ltd. (UK distr), Bishops Stortford, Herts.,
E n g lan d
PL Biochemicals Inc., Northampton, England 
Pharmacia Ltd., Milton Keynes, England
Schleicher and Schuell, Andermann and Co. (UK distr), East Molessy, 
Surrey, England
Serva, Uniscience Ltd. (UK distr), St Ann's Crescent, London 
Sigma London Chemical Co. Ltd., Poole, Dorset, England 
Whatman Lab Sales Ltd., Maidstone, Kent, England 
Worthington, Flow Labs. Ltd., Irvine, Scotland 
UV Products, Winchester, Hants., England
2.2 G e n e ra l P ro c e d u re s
During the course of this work a number of procedures were frequently 
used. The following section describes these general procedures.
2 .2 .1  D e sc rip tio n  of b a c te r ia l  s tra in s
Three strains of bacteria have been used during the course of this project : 
E .co li  Q358 (Karn et al., 1980) has been used as the host for the growth of all
lambda DNA and has the following genotype :
h s d R j/,  hsdMk", supF, <]>80r’ recA +
Two strains of E . c o l i , JM103 and JM109 were the hosts used for the 
growth of all plasmid DNA. JM103 (Messing et al,. 1981) has the following 
genotype :
Alac pro, thi, str A, supE, endA, sbcB15, hsdR4, F'traD36, proAB, lacl^, ZAM15 
JM109 (Yanisch-Perron et al., 1985) is a Rec A" derivative of JM103 
and has the following genotype :
rec A l, endA l, gyr A96, thi, hsd R17, sup E44, rel A l, X~, A(lac-pro AB), [F’, 
traD36, proAB, lac IQZAM15]
L ,2 ,u Z . S to rag e  of b a c te r ia
Stocks of the bacterial strains and of the strains carrying plasmid used in 
this work were maintained as Hammersmith stabs (see Table 2.1). A single 
colony was innoculated into the stab and stored at room tem perature. The 
bacteria remain viable for about a year under these conditions.
Frozen stock cultures of the bacteria were also maintained. 200jil of 10X 
H ogness freezing medium (see Table 2.1) was added to 1.8ml of an 
exponentially growing culture, mixed well to ensure a homogenous solution 
was obtained and then shock frozen in liquid nitrogen. The bacteria remain 
viable for several years if stored at -70° C under these conditions.
2J L 1  Plasmid_anil phage
"The plasmids and phage used in this study as vectors and source
T ab le  2,1 The com positon of the  grow th  m edia
M e d iu m C om p o sitio n  p e r  l i t r e
L -b ro th lO.Og Bacteriotryptone (Difco 0123-01)
5.0g Yeast extract (Difco 0127-01)
5.0g NaCl
(adjusted to pH 7.2 with NaOH)
L-agar 1 litre L -b ro th
15.Og Agar (Difco 0140-01)
Hammersmith agar stab 9.0g Nutrient broth (Difco 0003-02)
7.5g Agar (Difco 0140-01)
5.0g NaCl
10ml lOmg/ml Thym ine*
10 X Hogness medium 6.3g k 2h p o 4
4.5g sodium citrate
0.9g MgS04.7H 20  '
9.0g (NH4)2S 0 4
18.0g k h 2p o 4
440.Og g^cerol
BBL-top layer agar 11.75g Tripticase agar base (BBL 11922)
(0.65%) and M gS04 4.75g Agar (Difco 0140-01)
5.0g NaCl
10.0ml 1M M gS04*
BBL-agar plates 11.75g Tripticase agar base (BBL 11922)
8.25g Agar (Difco 0140-01)
5.0g NaCl
* Sterilised separately as a concentrated solution
material are listed in Table 2.2.
U . J .  S to rage of plasm id _and ph ag e DNA
Lambda and plasmid DNA was stored in TE buffer (Table 2.3) in a tight
fitting capped Eppendorf tube. Plasmid DNA was stored at -2 0 °C and lambda
DNA stored at 4°C . DNA stored in this way remains stable for several years.
2J U L Growth_ _ media.
The growth media used in the course of this work are listed in Table 2.1.
All media were sterilised by autoclaving, 151b p.s.i. for 20 min.
Any supplements to plates were added as concentrated stock solutions
after the medium had cooled to 55°C and immediately before pouring.
L 2 A  S u p p le m e n t to g row th  m edia
Ampicillin : The stock solution was lOmg/ml of the sodium salt of
am picillin in  water. It was sterilised by passage through a 0 .2 2 p h t filter 
(Millipore) and stored in aliquots at -20° C.
2 .2 .7  C om m only  used  so lu tio n s
During the course of this work a number o f solutions were used 
repeatedly, Table 2.3 describes these solutions and their composition.
Table 2,2 Plasmids and bacteriophages used in this study
Plasmid Purpose
\
\
Reference
pBR322 DNA size marker Sutcliffe et a l ,  (1977)
pUC18 subcloning (Figure 2.1) Yanisch-Perron et a l ,  (1985)
pmS3 cDNA probe for actin 
coding region (Figure 2.2)
Leader et a l ,  (1986)
pmS4-l DNA size marker Leader et a l ,  (1986))
M yA -y l Reference clone for XmA 14 
and XmA36, DNA probe for 
actin 3'non-coding region 
(Figure 2.3)
Leader et a l ,  (1985)
P h a g e
U 059 Reference clone for XmA 14 
and tanA36
Karn et al., (1980)
^ cI857 DNA size marker Allet et a l ,  (1973)
^mA19 Reference clone containing 
a mouse y-actin pseudogene 
for heteroduplex analysis
Leader et a l ,  (1985)
X.mA81 Reference clone containing 
a mouse y-actin pseudogene 
for heteroduplex analysis
Leader (unpublished)
E1s.m.e£ 2*1 Partial restriction man of p lasm id  vec to r p u c i s
The plasmid vector pUC18 (Yanisch-Perron et al., 1985), was used in 
the construction of the subclones in this project. This is a double-stranded 
circular DNA molecule, 2686bp in length. It carries a 54bp multiple cloning 
site (polylinker) that contains sites for 13 different restriction enzymes. The 
overall map shows the restriction sites of those enzymes that were used in 
th is . project. The polylinker is shown below the map. The map also shows the 
positions of the ampicillin resistance gene and the lac gene fragment.
Plasmid vec to r  pUC18
Bgl I 1813
Ava II 1837
r-Ava II 2059 
>Pvu I 2066
Xmn I 2294 
-  Taq I 2328
Hae II 1261
2500
lac f r a g m e n tTaq I 889
o T t h 1 11 I 105
Hae II 659^  
Pvu II 628-
V^-Hae II 235 
V '—Bgl I 245 
^-Pvul  276 
PvuII 306
Mult iple cloning s i te s :
450'
399
Acc  I 
Hinc I 
Sal IEco Rl Sst Kpn
___ a—
Bam HJ. Xba Sphl  Hind IIIPst
GAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGC
Elgune 2lm1  Partial restriction  map of the m ouse sk e le ta l m uscle 
a t f c l o n e , .  pmS3
The partial restriction map of pmS3 (Leader et al., 1986) is compared
with the map of the corresponding mRNA. The actin coding region is
represen ted  by the solid  b locks, and the 3' un transla ted  reg ion  is
represented by the open blocks. The PstI fragment indicated, was used as an
actin probe.
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EjLSJLLg h i  Partial  r e s t r i c t i o n  m a p  o f  t h e  a c t i n  p s e u d o g e n e
r eg ion  w i th in  the  AmA19 s u b c lo n e  M v A - y l
The plasm id subclone M y A -\|/l contains the y -ac tin  p rocessed
pseudo gene of )vmA19 (Leader et al., 1985). The partial restriction map of this 
subclone is only of the actin pseudogene region. The pseudo-coding region 
is represented by the solid blocks and the and the 3' non-coding region is 
represented by the open blocks.
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T a b l e  2 .3 C o m p o s i t i o n  o f  c o m m o n l y  u sed  s o l u t io n s
S olu tion C o m p o s i to n
Lambda diluent lO.OmM
l.OmM
lO.OmM
(* Sterilised 
concentrated
Tris.HCl pH 7.5
EDTA
M gS04*
separately as a 
solution)
TE lO.OmM
l.OmM
Tris.HCl pH 8.0 
EDTA pH 8.0
NE 50.0mM
0.5mM
NaCl
EDTA pH 7.0
10XTBE 1.0M
0.8M
lO.OmM
Tris.HCl 
boric acid 
EDTA pH 8.3
20 X SCC 3.0M
0.3M
NaCl
sodium citrate
20 X SSPE 3.6M
0.2M
l.OmM
NaCl
sodium  phosphate 
EDTA
20 X SET 3.0M
0.6M
20.0mM
NaCl
Tris.HCl pH 8.0 
EDTA
Polyacrylam ide gel 
elu tion  buffer
0.5M . 
10.0 mM 
l.OmM 
0.1%
ammonium acetate 
m agnesium  acetate 
EDTA 
SDS
50 X Denhardt's 
so lu tio n
0.2% fico ll 
0.2% po ly  v in y lp y ro lid in e  
0.2% BSA 
(Filter through a column of Chelex 
100 ; stored at -20° C.
2 . 2 . 8  R e s t r i c t i o n  d i g e s t i o n s
R estriction enzymes were purchased from  the follow ing companies : 
Anglian Biotechnology Ltd., Bethesda Research Laboratories (B.R.L.), New 
England Biolabs and The Boehringer Corporation (London) Ltd. Enzyme digests 
were generally set up using one of three convenient buffers and at the 
tem perature specified by the m anufacturer.
The composition of the restriction enzyme buffers are shown below
Buffer NaCl Tris MgS04 Dithiothreitol
Low 0 lOmM, pH7.4 lOmM Im M
Med 50mM lOmM, pH7.4 lOmM Im M
High lOOmM 50mM, pH7.4 lOmM 0
Restriction enzyme digests were routinely carried out in a final volume
of 25|xl, but larger volumes were also used where appropriate. A typical
digestion mixture contained : DNA (0.5-1 p.g); restriction enzyme (5 units) in a
final volume of 25p.l restriction enzyme buffer. The mixture was incubated for 
1-2 hr and the extent of digestion was monitored by electrophoresis of a small 
aliquot in a 1% agarose mini-gel (section 2.2.10).
2llZJL  E x t r a c t i o n  Of P N A  m ih  P h e n o l / c h l o r o f o r m  a n d
p r e c i p i t a t i o n  w i t h  e t h a n o l
DNA was rou tinely  purified  free o f pro tein  by ex traction  with 
phenol/chloroform  and. precip ita tion  with ethanol. Phenol was red istilled  
before use, saturated with TE (Table 2.3), and stored at -20°C. The extraction 
was carried out using phenol/TE, chloroform and isoamylalcohol in a 25:24:1 
mixture which can be stored for several weeks at 4°C .
The extraction was performed as follows : the volume of the sample to be
extracted was adjusted to lOOjil with TE, if  necessary. lOOpl of the phenol 
mixture was added and vortexed for 3 - 4 min; then centrifuged for 1 min; the 
upper aqueous layer was transferred to a fresh microfuge tube and the phenol 
ex traction  procedure repeated tw ice more. The sam ple was then tw ice
extracted with ether saturated with water to remove the residual phenol.
DNA precipitation with ethanol : The volume of the sample to be
precipitated was adjusted to lOOpl with TE, if  necessary. A (0.1) volume of 3M 
sodium acetate pH 6.0 and 2.5 volumes of cold ethanol (James Burrough) was 
added to the DNA sample and vortexed. The samples were then placed
overnight at -20° C or -70° C for 15 min; centrifuged for 10 min.
2 .2 .1 0  A g a r o s e  gel e l e c t r o p h o r e s i s  of  DNA
DNA fragments were separated by gel electrophoresis in agarose as 
follows : The table below shows the concentration of agarose used, to achieve 
the optimum separation of DNA of various lengths.
Gel Concentration Size Range Recommended Voltage
0.3% Agarose 5-60kb 10V overnight
0.5% Agarose l-30kb 40V
0.7% Agarose 0.8-15kb 40V
1.0% Agarose 0.4-8kb 60V
1.5% Agarose 0.2-4kb 60V
2.0% Agarose 0.1-2kb 80V
1% agarose was routinely used for plasmid DNA, 0.5% and 0.7% for 
restriction digests of lambda DNA and 0.3% agarose for genomic DNA.
Three agarose electrophoresis buffer system s were used : Loening's 
phosphate (Loening, 1967) and Tris.HCl borate buffers were used for routine 
inspection of DNA samples, and acetate buffer was used for electrophoresis of 
DNA where subsequent electroelution from agarose was necessary.
The phosphate electrophoresis buffer contains 36mM Tris.HCl, 30mM
NaH2P 0 4, ImM EDTA.
The acetate electrophoresis buffer contains 40mM Tris.HCl pH 7.4, 5mM 
sodium acetate, ImM EDTA.
The Tris.HCl borate electrophoresis buffer contains 0.9mM Tris.HCl pH 
7.4, 0.9M boric acid, 25mM EDTA.
Agarose gels were prepared by heating to boiling point the desired 
quantity of electrophoresis buffer containing the appropriate concentration 
of agarose. The agarose solution was allowed to cool to 55° C, ethidium bromide
(lOmg/ml) was added to give a final concentration of 0.5jig/m l, and the gel
poured .
Electrophoresis was performed in a mini-gel system, gel size 12cm X 
12cm, im m ersed in the same buffer also containing eth idium  brom ide
(0.5p.g/ml), at a constant voltage.
DNA samples were prepared for electrophoresis by the addition of 0.1 
volume of dye_ loading buffer (1:1 glycerol : 0.025% bromophenol blue in the 
appropriate electrophoresis buffer).
The sizes of restriction fragments were determined by comparing with 
DNA marker fragments of known size, subjected to electrophoresis alongside 
the unknown fragments. The distances between the well and the positions 
where the DNA fragments of known sizes had travelled were measured and 
plotted on semi-log graph paper, as distance travelled (mm) against log size of 
DNA (kb). Similarity, the distance travelled by DNA fragments of unknown 
sizes were then measured, and their sizes were determined from the standard 
curve.
The DNA molecular weight markers routinely used were as follows : 
bacteriophage lambda digested with H indlll (23.7, 9.46, 6.61, 4.26, 2.26, 1.98, 
0.58kb): pUC8 digested with TaqI (1443, 801 471bp) : pBR322 digested with 
Bgll/BamHI (2319, 1288, 560, 230bp) and pM S4-l digested with TaqI (1443, 801, 
655, 383bp).
2 .2 .11  P o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s
Polyacrylamide gel electrophoresis was used to separate DNA fragments 
in preparation for sequencing by the method of Maxam and Gilbert, (1980). 
V ertical 160 x 160 x 1.5mm polyacrylam ide gels were used and the 
electrophoresis buffer was 1 X TBE (Table 2.3). The concentration  of 
acrylamide used was as follows :
Acrylamide concentration Fragment sizes to be separated
4% lOObp and above
8% 60-400bp
The loading buffer contained 50% glycerol in the electrophoresis 
buffer with 0.05% xylene cyanol and 0.05% bromophenol blue as marker dyes. 
E lectrophoresis was carried out at 200V until the dyes had travelled the
required distance. In 4% acrylamide gels xylene cyanol and bromophenol blue
m igrates w ith sim ilar m obilities to DNA fragm ents o f 350bp and 70bp
respectively. The dyes migrate at different positions in denser gels, in 8% 
acrylam ide, xylene cyanol and brom ophenol blue m igrates w ith sim ilar
m obilities to DNA fragm ents of 80bp and 20bp respectively . W hen
electrophoresis was complete the gel was removed from the apparatus and
stained in a solution of ethidium bromide (0.5p.g/ml) for 10 min. The DNA was 
visualised as described in section 2.2.12.
2 .2 .1 2  P h o t o g r a p h y  of  gels
DNA was v isua lised  by e th id ium  brom ide flu o rescen ce  on a
trans-illum inator (UV Products Inc.).
Gels were photographed with a Polaroid CU-5 camera and type 665
positive/negative  film .
2L2., 12. EllLtioa of DNA from  aceta te  agarose  gels
The DNA (40p,g) was subjected to agarose gel electrophoresis in acetate 
buffer and the band of interest located using ethidium bromjde staining and 
UV illumination. Using a scalpel, the slice of agarose containing the band of 
interest was cut out and placed in a dialysis bag. The gel slice was covered with 
acetate electrophoresis buffer and the bag tightly sealed , ensuring that no air
bubbles were trapped.
The bag was immersed in a shallow layer of acetate electrophoresis 
buffer. A fter subjecting to electrophoresis for 1-2 hr, the polarity  of the
current was reversed for 2 min to release the DNA from the walls of the
dialysis bag. The gel slice was then visualised on a UV illuminator to ensure all 
the DNA had been, eluted from it.
All the buffer surrounding the gel slice was transferred into a 1.5ml 
snap-cap polypropylene Eppendorf tube and the bag was washed out with a
small quantity of electrophoresis buffer. The total volume of buffer was kept
down to 400|xl to allow the precipitation to be performed in the Eppendorf tube, 
facilitating the recovery of relatively small amounts of DNA.
The buffer contain ing  the elu ted  DNA was then  sub jected  to 
centrifugation for 15 min to sediment any contaminating agarose debris. The 
supernatant was then transferred into a clean 1.5ml E ppendorf tube and 
precipitated with ethanol. After precipitation at -20° C overnight, or at -70° C 
for 15 min, the sample was subjected to centrifugation for 5 min, the 
supernatant removed and the pellet washed with 80% ethanol, chilled and 
recentrifuged as before. The supernatant was removed and the pellet dried 
under vacuum for 5 min.
2*21 1-4. E lu t io n  of-, P-NA fcom p o l v a c r v l a m i d e  gels
The method used was based on a procedure described by Maxam and 
Gilbert, (1980).
After the DNA (lO pg) had been subjected to polyacrylam ide gel
electrophoresis, the band of interest was located using ethidium  brom ide 
staining and UV illum ination. U sing a scalpel, the slice of acrylam ide 
containing the band was cut out and placed in a 1ml plastic automatic pipette
tip (Eppendorf type blue). The tip had been sealed at the end by heating and
packed with siliconised glass wool. The polyacrylamide band was ground up 
using a glass rod and 600ul of elution buffer (Table 2.3), and then incubated at 
37°C  overnight.
The DNA of interest was eluted from the gel by rinsing the tip with 4 X
2 0 0  p i elution buffer. The pooled eluate (1.4ml) was precipitated with 2.5 
volumes of ethanol and left at -70° C for 30 min. The DNA was sedimented by 
centrifugation at 3,500 rpm for 30 min at -10°C. The DNA was suspended in
4 0 0 p l 0.3M sodium acetate, transferred to an Eppendorf tube and centrifuged to 
remove pieces of acrylamide. The supernatant was then transferred to a new 
Eppendorf tube, precipitated with ethanol and dried under vacuum.
2 .2 .1 5  B lo t t i n g __Of, -DNA on to _n i t r o c e l lu l o s e
The method used was based on the procedure described by Southern, 
(1975).
DNA was subjected to electrophoresis through a phosphate agarose gel.
In general, 0.5pg lambda phage DNA, 0.2pg plasmid DNA or lOpg genomic DNA 
was loaded per single gel slot. After a photographic record had been made of
the gel, the DNA was denatured by soaking the gel in 0.5M NaOH, 1.5 NaCl for 30 
min. Then the DNA was neutralised by soaking the gel in 0.5M Tris.HCl pH 7.6,
1.5 NaCl for 30 min.
The DNA was then transferred  to n itrocellu lose (S ch leicher and 
Schuell) using 20 x SCC (Table 2.3), overnight (16 hr) at room temperature. The 
nitrocellulose was then removed, washed in 2 X SCC for 5-10 min and dried on 
3MM Whatman paper. Finally the filter was baked in a vacuum oven for 2 hr 
at 80°C.
2 , 2 , 1 4  P r e p a r a t i o n  o f  a 32_P-labeI1ed p r o b e s  bv n i c k - t r a n s l a t i o n
When the DNA to be used was a recom binant plasm id containing
inserted mammalian DNA, the insert DNA was cut out and removed from the 
vector to serve as a probe (2.2.13). The probe DNA was labelled by 'nick 
translation'. A typical labelling reaction contains the following com ponents :
Probe DNA (0.3-lpg); 50pM of each dATP, dTTP, dGTP ( non-radioactive); 50pCi
a 32p_dCTP (lm Ci/lOOpl Amersham); DNase (10"^mg/ml) and DNA polymerase 
(5 units) in medium restriction enzyme buffer (section 2.2.8). If a different 
radioactive dNTP was used, the non-radioactive dNTPs were the appropriate 
rem ain ing  three.
The DNase was stored as frozen stock at 1 mg/ml in H2 0. A 1 in 10,000
dilution was made just before use.
The mixture was incubated at 15°C for 4 hr. Then lOOpl NE (Table 2.3)
was added and the m ixture applied to a Biogel P-60 (B io-rad) column
equilibriated with NE. After the sample had soaked in, the column was eluted
with 9 X lOOpl portions of NE, collecting each fraction separately. The peak 
fractions were pooled, usually fractions 5, 6 and 7, and the radioactivity
(C herenkov rad ia tion ) of the probe determ ined  using  a sc in tilla tio n  
spectrometer, set to the channel.
2 .2 .17  Hybridisation  of ^l-P-Iabelled probes onto blotted DNA
The pre-hybridisation and hybridisation reactions were perform ed in a 
polythene bag slightly larger than the nitrocellulose filter. The bag was 
heat-sealed with the expulsion of air.
The nitrocellulose filter was pre-hybridised in 15ml 5 X SSPE (Table 2.3), 
10 X Denhardt's solution (Table 2.3), 0.1% SDS and 50% deionised formamide for 
2 hr at 42°C. The formamide was deionised using mixed bed resin (Biorad).
The p re-hybrid isa tion  so lu tion  was rem oved and 7.5m l of fresh  
hybridisation solution containing denatured probe was added. The probe was 
denatured by adding 0.1 volume 1M NaOH for 10 min, then 0.1 volume 1M 
Tris.HCl pH 7.6 and 0.1 volume 1M-HC1. Usually at least 10^ cpm of denatured 
probe was added per 12cm X 12cm filter. The bag was resealed and incubated 
overnight at 42° C.
The nitrocellulose filter was then washed in 2 X SCC (Table 2.3), 0.1% SDS
for 5 X 10 min at room temperature, followed by 0.1 X SCC, 0.1% SDS for 2 X 30
min at room temperature or 45° C.
The filter was dried and exposed to Kodak-X-Omat H -film  using a 
intensifying screen (Cronex-lighting) and left overnight at -70° C.
2x2,18. C o m p u t e r  p r o g r a m s —f o r _ t h e . .  ana lys i s  of  DNA s e q u e n c e
The follow ing program m es were u tilised  in the com pilation, and 
analysis of DNA sequences. A number of programmes devised by Staden (1978), 
were run on a Digital PDP 11-34 computer, with a multi-user facility in the
Biochemistry Department of the University of Glasgow. Programmes of the 
UWGCG (University of Wisconsin Genetics Computer Group) package (Devereux 
et al.,1984) were run on the EMBL (European Molecular Biology Laboratory)
VAX 11/785 and VAX 8600 computers. This package contains programmes for
\
the analysis and investigation of DNA sequences and comparison with those in 
the EMBL database (EMBL, Heidelberg, W.Germany).
l a l  S t a d e n  p r o g r a m m e s
SEQEDT: this program was used to create and edit a file for DNA
seq u en ces.
SEQLST: lists the sequence file created by SEQEDT in the Staden
fo rm at.
TRNTRP: translates nucleotide sequences into peptide sequences in
any desired reading frame using the three-letter amino-acid
code.
SEARCH: searches sequences for res tric tion  sites and strings of
sequences of no more than 20 bases.
SEQHT: searches sequence for similarities with a string of sequences
less than 200 bases, and can also be used for percentage
co m p lem en ta tio n .
SQRVCM: generates a sequence com plem entary to the sequence in
qu estio n .
CUTSIT: compares given sequence file with restric tion  enzym e file
and lists all the known restriction sites within the sequence.
Ltd .UWGC.G programmes
FIND : searches through sequence(s) for short sequence patterns. It is
able to look through large data sets for any given sequence pattern specified, 
recognise patterns with some symbols mism atched but not with gaps, and 
searches both strands of the sequence if necessary. Patterns may not be more 
than 41 characters long.
BESTFIT : finds the best region of similarity between two sequences, and
inserts gaps to obtain the optimal alignment. The sequences can be very 
different lengths but the program cannot evaluate a surface of comparison 
larger than 10^ base squared, with input sequences not more than 30,000 
symbols long.
GAP : produces an optimal alignm ent between two sequences by
inserting gaps in either one as necessary. It considers all possible alignments 
and gap positions, and creates the alignm ent with the largest number of 
matched bases and the fewest gaps.
WORDSEARCH : tries to find places where one sequence is similar to any
set of other sequences. It finds segments of similarity between sequences by 
finding regions with an unusual num ber of short perfect m atches, and 
compares both strands of the query sequence.
SEGMENTS : tries to find the best segment of similarity at the locations
found by WORDSEARCH.
REPEAT : finds repeats in sequences. It allows one to choose a minimum
repeat window, stringency, a search range and then finds all the repeats
i
w ithin these param eters.
STEMLOOP : finds stems (inverted-repeats) in nucleic acid sequences. It
allows one to choose a minimum stem length, maximum loop size and minimum 
bonds per stem. The stems found can be sorted by position, size (stem length),
or quality (number o f  bonds).
f i l l  O t h e r  p r o g r a m m e s
These two programmes were devised by Dr P. Taylor (Department of Virology, 
University of Glasgow), and were run on the Digital PDP 11-34 computer.
PHOMOU* compares two sequence files w ith a maximum of 2048 
characters. This program uses the blocks that satify the minimum number of 
matches to obtain the best alignment and then align the rem aining to the 
best. However it has limitations and sometimes misses the match.
CINTHOM: creates a homology matrix plot between two sequence files.
2*2. P NA_pns.pajjitiims.
2 .2*1  Pr&paEfltmn 0 l b a c te r io p h a g e  la m bda DNA
A 50ml overnight culture of E . c o l i  Q358 was sedim ented using a 
bench-top centrifuge (Beckman) at 2,000rpm for 20 min. The supernatant was
removed and the cells resuspended in 0.5 volume of sterile lOmM M gSC^. A
suitable amount of phage (to produce 10-100 plaques per plate) was absorbed
onto 200p.l of the cells in an Eppendorf tube, mixed and incubated at 37°C  for 20 
min. The phage and cells were then layered over 3ml BBL top-layer agar 
(Table 2.1) which had been cooled to 45°C , then mixed gently, and poured onto 
BBL plates (Table 2.1). The plates were inverted and left overnight at 3 7 °C.
Using a sterile pasteur pipette a single plaque was removed from the
BBL plate and added to 200pl of freshly saturated overnight culture of Q358 and 
left for 20 min at room tem perature. The cells and plaque were then
transferred into a 100ml conical flask containing 20ml L-broth and 5mM
M gS O ^. The flask was shaken at 37°C until lysis of the cells occurred. This was
usually between 4 - 6 hr and is evident as the growth medium becomes clearer 
and bacterial debris can be seen. Chloroform (1ml) was added and the flask 
shaken for a further 5 min. The growth medium was then decanted into 50ml 
plastic tubes (Falcon), leaving the denser chloroform  behind and then the 
bacterial debris was sedim ented by cen trifugation  using the bench-top 
centrifuge 2,000rpm for 20 min. The supernatant was then titred before being 
transferred to a new plastic tube and stored at 4 °C . The titration of the 
bacteriophage library  procedes as described in detail above w ith the 
bacteriophage being diluted with lambda diluent (Table 2.3) to produce a 
range of serial dilutions between 10"* and 10 '^ . The titre of the library was 
calculated by counting the number of plaques per plate at any given dilution. 
The titre of the supernatant was about 10*® phage per ml.
Freshly-saturated overnight Q358 culture (7ml) was added to 1 litre of
L-broth containing 5mM MgSC>4 in a 2 litre conical flask and shaken at 37° C
until an A ^ q of 0.3 was reached. Then 5 x 10*® pfu was added to the 1 litre
growing culture, mixed well and separated into 250ml portions each in 2 litre 
flasks. The flasks were shaken until lysis occurred, in approximately 3.5 hr, 
2.5ml chloroform added and the supernatant decanted into large buckets and 
centrifuged at 4,000rpm for 20 min. At this stage the titre of phage in a sample 
of the supernatant was determined. Normally a value of 10*® phage per ml was 
o b ta ined .
To the supernatant, DNase (Boehringer, grade II) and pancreatic RNase
(Boehringer, grade II) were added to a final concentration of 10|j.g/ml. After 
incubating at room temperature for 30 min, solid NaCl was added to 2%, 
followed by the addition of PEG 6000 (Serva) to 8%. The flasks were shaken
continuously at room temperature until all the PEG 6000 had dissolved, then 
the flasks were left overnight at 4°C  to allow the phage to precipitate.
The supernatant was centrifuged at 6,000rpm for 30 min to sediment 
the precipitated phage, and the pellet was then resuspended in 20ml lambda 
diluent (Table 2.3). After complete resuspension , 0 .7 lg  caesium chloride was 
added per ml to give a density of 1.5. The solution was clarified  by 
centrifugation at l,500rpm  for 30 min and then transferred to sealable tubes 
(Beckman) which were centrifuged at 50,000rpm at 20°C, for 16 hr in a VTi50 
rotor (Beckm an).
A white band of phage particles was visible under white light and was 
collected by piercing the side of the tube with a hypordermic needle. The 
phage was further purified by centrifugation at 65,000rpm at 2 0 ° C, for 16 hr 
in a VTi65 rotor (Beckman).
The white phage band was collected as before and dialysed against 4
changes of 500ml lOmM Tris.HCl pH 7.5, ImM EDTA, lOmM MgSO^. The phage
so lu tion  was then ex tracted  w ith phenol/ch loroform , p rec ip ita ted  with 
ethanol (section 2.2.9) and finally centrifuged at 10,000rpm for 10 min. The
supernatant was removed and the precipitated DNA resuspended in 200-400jil 
TE. Boiled pancreatic RNase A (Boehringer grade I) was then added to a final
concentration of 10pg/ml and left at room temperature for 30 min.
The phage DNA was stored at 4°C .
2 .3 .2  P re p a ra t io n  of b a c te r io p h a ge lam b d a  DNA fro m  Ivsogenic
E . c o l i  M65 stra in
The therm olabile strain M65 is lysogenic for bacteriophage X c I g ^ S y ,
(Allett et .al ,  1973). The method of preparation of the lambda DNA was as
follow s.
The M65 strain was first tested to ensure it was thermolabjle, by
checking that it grew at 3 0 °C but not at 42° C. A single colony of M65 was 
innoculated into 50ml of L-broth and grown overnight at 30°C.
10ml portions of the overnight culture were innoculated into four 2
litre flasks containing 200ml L-broth plus lOmM M gS O ^ The cultures were
grown at 30°C until an A ^ q of 0.7 was reached and then transferred to a 42°C
shaking water bath for 30 min. The flasks were then incubated at 37° C and
shaken vigorously for 90 min. The cells were harvested by centrifugation at 
6,000rpm for 15 min and then the cells were resuspended in 4ml of 
supernatant fluid. Chloroform (0.3ml) was added and the cell suspension
shaken by hand at room temperature until the solution was very viscous. To
reduce the viscosity DNase (Boehringer grade II) was added to a final
concentration of 5pg/m l and incubated at 37° C for 5 min. The volume was 
adjusted to 20ml with lambda diluent (Table 2.3) and 14.2g caesium chloride 
added to give a density of 1.5. The solution was clarified by centrifugation at
l,500rpm  for 30 min in a bench-top centrifuge (Beckman).
The phage was then pu rified  by caesium  ch loride equ ilib rium  
centrifugation, as described in section 2.3.1.
2 .3 .3  Sm all scale iso la tion  of p lasm id  DNA
The rapid method by Holmes and Quigley, (1981) was used to prepare the
small scale 'mini-prep’ plasmid DNA.
A single plasmid-carrying colony was streaked out onto one half of an
appropriate antibiotic plate and also streaked out as a short line on a master 
plate. After the bacteria had grown overnight the m aster plate was stored
carefully away at 4 °C  for future reference. The bacteria on the growth plate 
were gently scrap ed off and resuspended in 1ml of lysis buffer (50mM 
Tris.HCl pH 8.0, 50mM EDTA pH 7.5, 8% sucrose, 5% Triton X-100) in a 1.5ml
Eppendorf tube. lOp.1 lysozyme (20mg/ml in H2 O) was added and incubated for 7
min at 9 5 °C. The suspension was centrifuged for 15-30 min in an Eppendorf
centrifuge and then 0.6ml of the supernatant was transferred to new 1.5ml
Eppendorf tube. Next 2jxl boiled RNase (lm g/m l) was added and incubated for
15 min at 37°C, followed by lp l of diethylpyrocarbonate and incubation for 10
min at 65°C. Then 0.24ml 5 MNH4 AC, 0.54ml isopropanol was added, mixed well,
and left on dry ice for 15 min. The DNA was precipitated by centrifugation in 
an Eppendorf centrifuge for 10 min, the supernatant was rem oved and the
DNA washed with 0.3M NH4 AC, 70% isopropanol, followed by cold ethanol. The
DNA was dried under vacuum and then resuspended in 30jil of TE. The resulting
concentration of DNA was generally around lp.g/ul.
Limited restriction analysis was then carried out using enzymes with
known recognition sites for the recom binant of interest.
2.3 .4  L a r g e  scale  iso la t ion  of  p l a s m id  DNA
The method used was the alkali lysis technique of Birnboim and Doly, 
(1979).
The volumes given below are for a 800ml culture but were adapted for
1
the preparation of plasmid from larger cultures or for small preparations of 
d ifferent plasm ids.
A single colony of transform ed bacteria was innoculated into 25ml 
L-broth containing the appropriate an tib io tic  and grown overn ight. The
overnight culture (5ml) was then innoculated into 800ml L-broth in a 2 litre 
flask and incubated at 37° C with vigorous shaking until the culture reached
late log phase, with an A ^ q of 0.8. C hloram phenicol (2.5m l) solution
(25mg/ml in 50% ethanol) was added to final concentration of 165p.g/ml and
incubation was continued for a further 16 - 20 hr.
The cells were harvested by centrifugation at 5,000rpm for 5 min at 4°C .
The supernatant was removed and the pellet resuspended in 4.5ml of 50mM
glucose, lOmM EDTA, 25mM Tris.HCl pH 8.0 and then 0.5ml lysozyme (40mg/ml 
in the same solution) was added and left for 30 min at 0°C . The solution was 
then transferred to a 100ml polycarbonate tube, 10ml of 0.2M NaOH, 1% sodium 
dodecyl sulphate added, mixed well and left 5 min at 0°C . Then 7.5ml 3M NaAc
pH 4.8 was added, mixed well and left 60 min at 0°C. The cell DNA and debris
was pelleted by centrifugation at 30,000rpm for 30 min at 4°C .
The supernatant was divided between two 30ml corex tubes and 0.6 
volume of isopropanol added to each. After allow ing to stand at room
temperature for 15 min, the DNA was recovered by centrifugation at 8,000rpm 
for 15 min at room temperature. ,
The DNA was resuspended in 30ml TE (Table 2.3) and transferred to a 
50ml plastic tube (Falcon). The closed-circular plasmid DNA was purified from 
linear plasmid DNA and any remaining chromosomal DNA by centrifugation to 
equilibrium in a caesium chloride gradient containing ethidium bromide.
CsCl (28.9g) and 1.8ml ethidium bromide (lOmg/ml) was added to the 
30ml of DNA solution. The solution was transferred to a sealable tube 
(Beckman) and centrifuged to equilibrium at 50,000rpm for 16 - 20 hr at 20°C 
in a VTi50 rotor (Beckman).
I
Two bands of DNA were visable in the ordinary light. The upper band 
corresponded to the linear bacterial DNA and the nicked plasm id DNA, the
lower band consists of closed-circular plasmid DNA. The bands were more
easily visualised under U.V. light (long wave) and the lower band was
removed through a hyperdermic needle inserted into the side of the tube.
The ethidium bromide was removed from the ethidium bromide / DNA
solu tion  by ex traction  w ith isoam ylalcohol until all the pink  colour 
disappeared from  the aqueous phase. The colourless DNA solution was 
transferred to a Corex tube and 4 volumes of TE added, followed by twice the 
total volume of ethanol. The DNA was left to precipitate overnight at -20°C.
The Corex tube was transferred to dry ice for 30 min, then centrifuged
at 10,000rpm for 10 min at 0°C  using the HB4 swing-out rotor of a Sorvall
centrifuge. The DNA precipitate was resuspended in 100 - 200p.l TE, transferred 
to a 1.5ml Eppendorf tube and precipitated with ethanol. After centrifugation
in a Eppendorf centrifuge the DNA was washed twice with cold 80% ethanol 
and dried under vacuum. The DNA was dissolved in TE. The DNA concentration
was determined by measuring the A2 5 0 , assuming that a solution of 50p.g/ml
DNA has an A2  5 0  of 1 in a cell with 1 cm light path.
From a 800ml culture a yield of 2mg of plasmid was obtained.
2 .3 .5  I so la t ion  o f  high  m o le c u la r  w e ig h t  DNA f r o m  m o u s e  l ive r
The method used is described by Blattner et al., (1978).
Six mice which had been starved overnight were killed, their livers (ca
6g total) removed quickly and dropped into liquid nitrogen. The frozen livers 
were ground with a mortar and pestle. Only small portions were ground at a 
time with the frequent re-addition of liquid nitrogen. As the liver was
powdered it was added to 100ml of medium prepared as follows. To autoclaved
0.5M EDTA pH 8.0, 0.5% N-lauroyl sarcosine (Sigma); proteinase K (100p.g/ml)
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was added and left for 30 min at 55° C.
The mixture was incubated for 2 hr at 55° C in a rotary stirring water 
bath at 200rpm. The mixture was then extracted at 55° C, 3 X with phenol/ 
chloroform/ isoamylalcohol (25 : 24 : 1). To separate the phases, the mixture 
was centrifuged at 4,000rpm for 10 min at 20°C and then poured into a 250ml 
cylindrical separating funnel. After a few mins the phases reseparated, then 
the phenol phases and the interphases were run off and discarded. This was
repeated for a second and third extraction, cleaning the funnel with phenol
betw een runs.
The aqueous mixture was dialysed overnight against 4 changes of 
autoclaved 50mM Tris.HCl pH 8.0, lOmM EDTA, lOmM NaCl. The solution was 
removed from the dialysis bag into a 50ml plastic tube (Falcon) and caesium 
chloride added to a density of 1.7g/ml. After mixing carefully the solution was 
transferred to a sealable tube and centrifuged at 50,000rpm for 16-20 hr at 
20°C  in a VTi50 rotor (Beckman).
To collect the DNA a large bore hyperdermic needle was inserted into 
the side of the tube near the bottom, but above any precipitate. The fractions 
containing DNA were detected by their high viscosity and were collected. The 
DNA was dialysed overnight as before. The DNA solution was removed from the 
dialysis bag and precipitated with ethanol.
The yield was 3mg of high molecular weight mouse DNA.
2.4 P r e p a r a t i o n  o f  s u h c l o n e s
The fo llow ing  section  describes the procedures invo lved  in  the 
construction  and screening of subclones derived from  recom binan ts of
bacteriophage lambda and mouse genomic DNA.
The plasmid vector pUC18 ( Yanisch-Perron, Vieira and M essing, 1985),
Figure 2.1,  was used in the construction o f  all the subclones in this project, the
DNA to be cloned being inserted into one of the unique restriction sites in the
polylinker of this vector.
7.-4.1 Alkaline phasphatase  t r e a t m e n t  o f  d n a
In order to favour the formation of hybrid molecules, the vector DNA
was treated with alkaline phosphatase to remove the 5’-phosphate groups thus
preventing subsequent self-ligation.
Plasmids were treated with alkaline phosphatase as follows. The plasmid
DNA was cleaved with restriction enzyme(s) and purified by extraction with
phenol/chloroform  and precip ita tion  w ith ethanol as described in section 
2.2.9.
The DNA was resuspended in 20pl alkaline phosphatase buffer (50mM
Tris.HCl pH 9.5, ImM spermidine, O.lmM EDTA) and 0.5p.l calf intestinal
phosphatase ( 70 units/p.1 Boehringer) added and mixed well and incubated at
37°C  for 30 min.
After incubation the volume of the sample was increased to lOOjil using
TE and then extracted with phenol/chloroform  three tim es, extracted with
ether twice and finally precipitated with ethanol. The DNA was redissolved in
TE to give a concentration of 0.3p.g/ul.
2 .4 .2  L ig a t io n  of  DNA f r a g m e n t s
Ligation reactions were carried out in mixes containing the following : 
insert DNA (a suitable amount); vector DNA (0.3p.g); 0.5mM ATP; 1 unit T4 DNA
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ligase (Boehringer) in a final volume of 30fil ligase buffer which contains
40mM Tris.HCl pH 7.6, lOmM M gC ^, ImM dithiotheitol.
The ligation mixture was incubated overnight at 15° C. The amount of 
DNA in the ligation reaction was adjusted to a molar ratio of 5 : 1, insert ends : 
vector ends.
2 .4 .3  T r a n s f o r m a t i o n  of  E , c o l i  bv p lasm id  DNA a n d  selection of 
r e c o m b i n a n t s
( a )  P r e p a r a t i o n  o f  ce l l s  c o m p e t e n t  f o r  t r a n s f o r m a t i o n  
bv  p la sm id
The bacterial stains used to make 'competent' cells were E .c o l i  JM103 
and JM109.
A single colony of the bacteria was innoculated into 25ml L-broth and
grown overnight. An aliquot (2.5ml) of the overnight culture was transferred
into 500ml of L-broth in a 2 litre flask and the cells were grown until the A ^qq
reached 0.2. The cells were harvested by centrifugation at 4,000rpm for 15 min 
at 4°C , the supernatant removed and the cells resuspended in a total of 250ml
ice-cold sterile lOOmM CaCl2  (half the original volume). The suspended cells
were then incubated on ice for 20 min.
The cell suspension was then recentrifuged as before and the cells
resuspended in a total of 5ml of ice-cold sterile lOOmM C aC ^ . Sterile glycerol
(0.5ml) was added to the cell suspension, which was then aliquoted into 1ml 
samples in sterile 1.5ml Eppendorf tubes. The cells were then frozen in liquid 
nitrogen and stored at -70° C.
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These cells were viable for several months when stored at -70° C, but 
they could not be refrozen once thawed. ‘
O il  Transformation  of E . c o l i  bv p la smid d n a
An aliquot of frozen competent cells was thawed slowly on ice for 30
min. Portions of the ligation mixes (2pl and 15p.l) were added to 100|il of 
competent cells, mixed well and left on ice for 30 min.
At least 5 min before using the an tib io tic  p la tes , 0.5% IPTG 
( iso p ro p y l- th io g a la c to s id e )  in  s te r ile  w ate r, 0.5%  X gal (5 -b rom o
4 -ch lo ro -3 -indo ly l- |3 -D -galac to side) in dimethyl formamide was spread over
the surface of the agar plates.
After the incubation on ice the tubes were incubated at 37°C  for 2 min. 
Then the transform ation m ixtures were spread over the surface of the 
antibiotic / IPTG / Xgal agar plates. The plates were left at room temperature 
until all the liquid had been absorbed, then they were inverted and incubated 
overnight at 37°C. Small colonies (0.1mm in diameter) appeared in 8 - 10 hr.
L S±  S e le c tio n  of r e c o m b in a n t  c lo n e s  on th e  b a s is  of 
B -g a lac to s id a se  a c t iv ity
The puC plasm ids have been constructed as cloning vectors using
p-galactosidase activity as the basis of selection. The vector has a fragment of
the E . c o l i  lac operon containing the regulatory  region and the coding
information for the first 146 amino-acids of the p-galactosidase (Z) gene. The 
am ino-term inal peptide is able to com plement the product o f a defective
|3-galactosidase gene present on the F' episome in the host cell. A 'polylinker'
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DNA fragm ent containing several unique restric tion  sites for cloning has 
been in serted , in phase, into the am ino te rm inal po rtion  o f the
p-galactosidase gene. This insertion does not affect the com plem entation. 
However insertion of additional DNA into the 'polylinker' region generally
destroys the com plem entation.
The complementation produces active p-galactosidase which gives rise
to a blue colour when the transformed cells are grown in the presence of the 
inducer IPTG and of the chromogenic substrate Xgal. However when DNA is
cloned into the 'polylinker' region, the p-galactosidase is inactive and the 
colonies appear white.
False positive white colonies occur at low frequency, probably arising 
through incorrect self-ligation of the vector.
M l  I d e n t i f i c a t i o n  of  t h e  d e s i r e d  r e c o m b i n a n t s
In order to identify bacteria which contains the recom binant plasmid 
of interest, several white colonies were picked and their DNA obtained. 
Screening of the recom binant DNA was carried out by lim ited restric tion 
analysis and hybridisation to the blotted DNA with a ^ P - la b e lle d  probe.
The construction  and iden tification  of a recom binant p lasm id of
interest is described as an example below :
A 3kb mouse genom ic X bal fragm ent containing part o f the 3’
non-coding region of actin-like DNA in the genomic clone XmA36, was to be
subcloned into the plasmid vector pUC18.
The DNA of mouse genomic lambda clone XmA36 (2jig) and the vector
pUC18 (5pg) were digested with the restriction enzyme Xbal (section 2.2.8). The 
cut plasmid was then treated with alkaline phosphatase (section 2.4.1). The
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mouse genomic Xbal fragm ents were ligated into pUC18 (2.4.2) and then 
transform ed into JM109 ’com petent' cells (section 2.4.3). T hirteen  white 
colonies were picked and their DNA obtained by the 'm ini-prep' method 
(2.3.3).
The 'm ini-prep ' DNA was subjected to electrophoresis through a 
phosphate agarose gel, shown in Figure 2.4 The DNA was then transferred to
nitrocellulose (section 2.2.15).
The 'mini-prep' DNAs (lp.g) were digested with Xbal and then subjected 
to electrophoresis, shown in Figure 2.5. The digested DNA was also transferred 
to nitrocellulose.
From Figure 2.5, subclone 5X was shown to contain a 3kb Xbal fragment
of ^mA36. In order to confirm that 5X was the desired recombinant the two 
nitrocellulose filters were hybridised to a ^^P-labelled probe derived from the
3' non-coding region of a y-actin pseudogene (sections 2.2.16 and 2.2.17). The 
autoradiographs are shown as Figures 2.4 and 2.5. The results confirm that 
subclone 5X contains the 3' non-coding actin region of the genomic clone
XmA36.
Further limited restriction digestion anaylsis of subclone 5X indicated
that it contained predicted restriction sites and the orientation of the Xbal
fragment within pUC18 was determined.
2.5  R e s tr ic t io n  m a p p in g  o f re c o m b in a n t la m b d a  c lones bv
partial dig-fiStion and h y b r id is a t io n  to  co h es iv e  end
o l i g o n u c l e o t i d e  :
This is a method for the rapid restriction mapping of lambda clones 
developed by Rackwitz, et al., (1984). Partial digestion products are selectively
flg-lt Ef ZA Identification  of, the d esired  rec o m h in a n t(s) : p a r t  I
The 'mini-prep' DNA (0.5jig), designated IX to 13X, was subjected to 
electrophoresis through a 1% agarose gel (section 2.2.10). The DNA was 
transferred to nitrocellulose (section 2.2.15) and hybridised to a ^ P - l a b e l l e d
Xbal-PstI fragment (3' non-coding actin-like DNA) from the XmA19 subclone
MyA-\}/l (Figure 2.3).
(a) Photograph of the stained DNA gel.
(b ) Autoradiograph of the nitrocellulose.
The subclones which hybridised to the ^ P - la b e lle d  actin probe are 
indicated with (*). The control plasmid was subclone 14HH1, which contains
the 3' non-coding actin-like region of the genomic clone XmA14.
( b )
F i g u r e  2 .5  IdentificatiQ.il Of UK desired r e c o m b i n a n t ( s )  : p a r t l l
The 'm ini-prep' DNA and the parent genomic clone AmA36 was 
d igested  w ith the re s tric tio n  endonuclease X bal and sub jected  to 
electrophoresis through a 1% agarose gel (section 2.2.10). The DNA was 
transferred to nitrocellulose (section 2.2.15) and hybridised to the Xbal-PstI
fragment (3* non-coding actin-like DNA) from the AmA19 subclone M yA-tyl 
(Figure 2.3).
(a) Photograph of the stained DNA gel.
(b) Autoradiograph of the nitrocellulose
The length of the Xbal fragments contained the subclones and the 
fragments which hybridised to the -^P -lab e lled  actin probe are indicated 
below .
Lane  DNA Restriction enzyme Size of cloned Xba l
fragment  (kb)
1 IX Xbal 2.3
2 2X Xbal 2.3
3 4X Xbal 0.4
4 5X Xbal 3.0*
5 6X Xbal 2.3
6 pm S 4-l TaqI -
7 Am A3 6 Xbal 3.0*
8 r-oo
t—1o<< H in d ll l -
9 IX Xbal 2.3
10 8X Xbal -
11 9X Xbal 2.3
12 10X Xbal 0.4
13 11X Xbal -
14 12X Xbal -
15 13X Xbal 0.4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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labelled at the right or the left single-stranded cohesive end of lambda by 
hybridisation with the complementary ^ P - l a b e l l e d  oligonucleotide. A fter gel
electrophoresis and autoradiography the restriction map can be read from the 
ladder of partial digestion products.
2.5 .1  L a b e l l i n g  o f  t h e  p r o b e
There are two synthetic oligonucleotides complementary to the left and 
right cohesive ends of lambda. In this project the lambda genomic clones were
m apped by se lec tiv e ly  labe lling  the rig h t cohesive end using  the
deoxyoligonucleotide (5' GGGCGGCGA). The oligonucleotide was labelled using
the following components : 20mCi y^^P-ATP  (Amersham lmCi/lOOpl); 10 units
polynucleotide kinase (BRL); in a final volume of lOjil kinase buffer (70mM
Tris.HCl.-pH 7.6, lOmM M gC ^, 5mM dithiothreitol).
The reaction mixture was incubated at 37° C for 1 hr. The percentage
conversion was checked by increasing the volume of the sample to 1ml with
TE and an aliquot (50pl) was separated on PEI-cellulose in 0.75M potassium 
phosphate pH 3.5. The oligonucleotide remains at the origin whereas ATP
m igrates about one third of the way to the inorganic phosphate front. The
conversion was usually greater than 50%. Then the sample was heated at 100°C
for 1 min and stored at -20° C.
2 .5 .2  P a r t i a l  d i g e s t i o n  a n d  h y b r i d i s a t i o n
It was first necessary to find the digestion conditions which produced 
optimal partial digestion patterns required for each enzyme to be mapped. 
Finding the appropriate conditions was largely a m atter of trial and error,
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however the best method involved digesting lp g  lambda DNA with 1 unit of 
enzyme and stopping the reaction at suitable time points between 2 - 6 0  min 
with the addition of 20mM EDTA. Different time points were mixed to achieve a 
full representation of partial digestion products.
The radioactive probe was then hybridised to the partial digestion
products. ^ P - la b e lle d  probe (2pl), which represents about 200,000cpm was 
added to the DNA sample which was mixed well and incubated at 75°C for 2 min 
followed by 2 hr at 37° C.
2 .5 .3  Gel  e l e c t r o p h o r e s i s  a n d  a u t o r a d i o g r a p h y
The best results were achieved using a large electrophoresis apparatus,
in which the samples were separated out in 0.5% agarose for 24 hr at 1.5V per 
cm. The gel was then dried onto Whatman DE-81 cellulose paper followed by 
autoradiography as described in section 2.2.17.
The position at which different restriction enzyme sites occur along the
lambda recombinant can be read directly from the autoradiograph.
2.6 DNA s e q u e n c in g  hv the  M a x a m  a n d  G i l b e r t  c h e m ic a l  m e th o d
Cloned DNA was sequenced by the method of Maxam and Gilbert, (1980).
2 .6 .1  5* end  a nd  b l u n t  end l abe l l ing
After the DNA to be sequenced has been digested with an enzyme to
generate a 5' protruding end, the end can either be labelled by the filling in
reaction of the Klenow fragment of DNA polymerase with the appropriate
labelled a^^P-dN TP or by replacing the 5' phosphate group of the DNA using
polynucleotide kinase and y ^ P -A T P .
Blunt ends can also be labelled by replacing the 5' phosphate groups of 
the DNA, how ever the efficiency with which the polynucleotide kinase 
achieves this is much lower than that for the 5’ protruding ends.
(a  V T h e  K l e n o w  r e a c t i o n
To the lyophilised DNA fragment (5pg) the following components were
added : 50jiCi a ^ P -d A T P  (Amersham lmCi/lOOp.1) or the appropriate radioactive
dNTP ; 4pM of each non-radioactive dTTP, dCTP, dGTP ; 2 units Klenow fragment
(Boehringer ) and (3.75pl) 10 X medium restriction enzyme buffer (2.2.8) in a
final volume of 25|il.
The reaction mixture was incubated at room tem perature for 30 min
and then 90pl 2.5M NH^Ac, 360 j l x 1 cold ethanol was added, mixed well and
precipitated in dry ice for 5 min. The sample was centrifuged for 5 min in an
Eppendorf centrifuge, the supernantant removed, and lOOpl 0.3M NaAc pH 6.0, 
300ul cold ethanol added. The DNA was precipitated as before and the pellet 
washed with cold 80% ethanol before drying under vacuum.
O i l  J l h g ^ p h f l t a s e  r e a c t i o n
To achieve 5' end labelling of a DNA fragment with y ^ P -A T P  ^  5 - 
phosphate groups must be removed. The method to remove these phosphate 
groups is outlined below.
The DNA fragment was dissolved in lOOp.1 of TE and 0.5|il calf intestinal 
alkaline phosphatase (70units/ul BRL) was added. After incubation at 3 7 °C for 
60 - 75 min the DNA sample was extracted with phenol saturated with TE. The 
phenol phase was re-extracted with an equal volume of TE. The aqueous phases 
were pooled and residual phenol removed by extraction with ether saturated 
with water. The DNA sample was finally precipitated with ethanol.
1x1 Xil£ pxjyfl.u.cl£.atid£ k in a se  re a c tio n
If the DNA fragment (5pg) to be labelled had 5' protruding ends the 
reaction mixture contained the following components : 5pM  dithiothreitol ; 
60pCi y ^ P -A T P  (Amersham lmCi/lOOpl); 5 units polynucleotide kinase (PL 
Biochemicals) in a final volume of l l p l  kinase buffer (50mM Tris.HCl, pH 8.0, 
lOmM M g C y .
The components were mixed well and incubated at 37°C for 30 min, then
40|il 2.5M NH^Ac, 1 60 j l l 1 cold ethanol was added. The DNA was precipitated on dry
ice for 15 min and centrifuged in an Eppendorf centrifuge. The method was 
completed as described in this section part (a).
If the DNA fragment (5jig) to be labelled had blunt ends, the following 
conditions were used :
To the dried DNA the follow ing com ponents were added: ImM
spermidine ; 60jiCi y ^ P -A T P  (Amersham lm C i/100|il); in kinase buffer (50mM
Tris.HCl pH 9.5, lOmM MgCl2).
The mixture was heated at 9 0°C for 2 min and then chilled on ice. Then 
two more components were added : ImM dithiothreitol ; 5 units polynucleotide
kinase (PL Chemicals).
The method was continued as described for the 5' protruding ends.
Ld_L Separation  of  l abe l led  f r a g m e n t s
The 5’ labelled ends of a piece of double-stranded DNA are separated by 
cleavage of the fragment into two or more subfragments using a restriction 
enzyme which is known to cut w ithin the DNA fragm ent, follow ed by 
polyacrylam ide gel electrophoresis (section 2.2.11). The desired bands once 
visualised by ethidium bromide staining of the polyacrylamide gel, are cut out 
and the DNA eluted from the polyacrylam ide by the method described in 
section 2.2.14.
.2,6,2. B a s e - s p e c i f i c  c h e m i c a l  c l e a v a g e  r e a c t i o n s  
UlL  S o lu t io n s
1. Pyridine Formate : 4% v/v adjusted to pH 2.0 with pyridine (using
0.005M H2 SO4  as a pH 2.0 standard). Stored at 4°C.
2. DMS Buffer : 50mM sodium cacodylate, lOmM M gC ^, O.lmM EDTA pH 
8.0. Store at 4°C.
3. 'DMS Stop': 1.5M sodium acetate, 1M 2-mercaptoethanol (Koch-Light), 
100jig/pl yeast RNA. Stored at -20°C.
4. 'Hydrazine stop' : 0.3M sodium acetate, O.lmM EDTA, 50pg/m l yeast
RNA. Stored at 4°C.
O i l  A d d i t i o n a l  r e a g e n t s
1. Dimethylsulphate - DMS (Gold Label, Aldrich Chemical Co. Ltd.)
2. Hydrazine - HZ (Kodak Ltd.)
3. Piperidine (Koch-Light)
1x1 B ase m od ifica tio n  reac tio n s  and chain  cleavage
The four reactions used for full sequence determ ination were specific 
for guanine (G), guanine and adenine (G+A), cytosine (C) and cytosine and 
thymine (C+T). Chain cleavage was achieved using 1M piperidine. The precise 
procedure followed for each of the four reactions was as follows.
Calf thymus carrier DNA (4jig) and l l p l  H2 O was added to the lyophilised
3^P-labelled DNA fragment (ljig ). The DNA sample was mixed well and then 
divided equally into four Eppendorf tubes labelled G, A(+G), T(+C) and C. Each
tube then received different components : 98pl DMS buffer into tube G: l l f i l
H 2 O into tube A(+G): 6pl H2 O into tube T(+C) and 8pl H2 O saturated with NaCl into 
tube C.
Pyrid ine form ate (2 .5p l) was added to tube A(+G), mixed and then 
incubated at 30° C for 70 min. The reaction was stopped by freezing the sample 
at -70° C for 5 min followed by drying under vacuum. The sample was washed
with H2 O and dried as before.
DMS (0.5jil) was added to tube G, mixed and incubated at 20°C for 5 min. 
The reaction was stopped by the addition of DMS-stop (24 j l i 1) and cold ethanol 
(400p.l) and then left for 15 min at -70°C.
HZ (15jil) was added to tubes T(+C) and C, mixed and incubated at 20° C.
The reactions were stopped in tubes T(+C) and C after 8 and 10 min
respectively, with the addition of HZ-stop (60pl) and cold ethanol (250p.l) and 
then left at -70° C for 15 min.
Tubes G, T(+C) and C were centrifuged for 5 min in an Eppendorf 
centrifuge, the supernatant removed and the DNA precipitated with 0.3M NaAc 
and ethanol. The DNA was recentrifuged, the supernatant removed , the DNA 
washed with 70% ethanol and then dried under vacuum.
1M Piperdine (100p.l) was added to all four tubes G, A(+G), T(+C) and C. 
The samples were mixed well, heated at 90°C  for 30 min and then frozen at
-7 0 ° C  and dried under vacuum overnight (16 hr). To remove the residual 
piperid ine the samples were washed tw ice with w ater and dried under 
vacuum .
2.6,2 Gel  e l e c t r o p h o r e s i s
High resolution thin (0.4mm) sequencing gels were used according to 
Sanger and Coulson, (1980). 6 % polyacrylam ide gels were routinely  used 
which contain 7M urea and electrophoresis was in 1 X TBE buffer (Table 2.3).
The gel was subject to pre-electrophoresis at 25-30mA for l-2hrs (LKB 
2103 power pack). During this time the samples were dissolved in sequencing 
loading dye (99% deionised formam ide, 0.05% xylene cyanol). 10,000cpm 
(Cherenkov) per loading was sufficient for an overnight exposure, so when 
possible the DNA sample was dissolved in an appropriate volume of loading dye
to give 10,000  cpm per jil.
When the gels were ready, the DNA samples were boiled for 2 min then 
quickly chilled on ice. Three consecutive loadings were carried out per gel
and usually a 6 % polyacylamide gel allowed up to 2 0 0  nucleotides to be read 
from the labelled end.
2 J L ±  A u t o r a d i o g r a p h y
One of the glass plates was removed to expose the gel which was 
carefully  covered with cling film . The gel was exposed to a sheet of 
Kodak-X-Omat H-film with an intensifying screen (Cronex-Lighting) at -70°C. 
The gel was exposed for 1-7 days, depending on the amount of radioactivity 
loaded . Figure 2.6 shows an example of an autoradiograph of a sequencing gel.
F i g u r e  2 .6  A d e x a m p le  Qf a D ilA  s e q u e n c i n g  gel bv  the  meth od  of
Ma?an and ..Gilbert
The ^mA14 H indlll-SstI subclone, 14HH4A (Figure 3.11) was restricted 
with EcoRI, 5' Klenow end labelled and secondary cleaved with Hindlll. Maxam 
and G ilbert sequencing was perform ed from the EcoRI site, (a polylinker 
restriction site of pUC18) and then the radioactively labelled DNA fragments 
were separated by polyacrylam ide gel electrophoresis, allowing determination 
of the nucleotide sequence of gel run number 3, in Figure 3.36.
G G T T G G T T G G T  T 
A G A C A C
CHAPTER 3 RESULTS
3.1 D e t e r m i n a t i o n  of  the  s im i la r i t y  b e tw eem  XmA14 and  A. mA36
As already described in the Introduction, the two genomic clones,
XmA14 and ?imA36, containing the actin-like genes, were each shown by 
electron microscopy to be associated with DNA capable of form ing large 
foldback structures, which although d istinct in appearance shared certain 
s im ila ritie s . The firs t section of this chapter describes experim ents to 
determine the extent of similarity between these two clones.
3 .1 .1  R e s t r i c t i o n  e n d o n u c le a s e  m a p p i n g  o f  A,mA14 a n d  A,mA36
The first and major experimental approach adopted to compare the two
genomic clones was to construct restriction maps of ^mA14 and XmA36. The 
sizes of the mouse DNA inserts in these recombinants were taken from the 
electron m icrograph heteroduplex m easurem ents, 20.5kb in  the case of
XmA14 and 14.2kb in the case of A,mA36. Although the actin-like regions in
A.mA14 and A,mA36 are in the opposite orientation with respect to the 
conventially  designated left-hand (long) and righ t-hand (short) arm of 
lambda, it was clearly necessary to represent them in the same orientation
for comparison] the orientation of XmA36 being the one which was reversed. 
This is a potential source of confusion if the terms right and left-hand are 
used in discussing these maps, therefore reference will instead be made to 
the arms of the lambda vector as 'long' and 'short'. Although positions within
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the inserts of the genomic clones are frequently indicated to be 5' and 3' with 
respect to the actin-like sequence, it has not always been possible to avoid the 
use of right and left-hand. Where this occurs, it is always in relation to the 
common representation presented in the figures.
The genomic clones AmA14 and AmA36 were digested with several 
restriction enzymes as illustrated in Figure 3.1, and the fragments produced 
by single restriction digestion are listed in Table 3.1. The restriction enzymes 
used were selected on the basis that they cleave mammalian DNA relatively 
infrequently and also, in most cases, have no or very few recognition sites
along the lambda arms of the parent vector A, 1059. The ease by which
restriction sites were mapped within AmA14 and AmA36 depended on the 
complexity of the digestion pattern produced. For example, the restriction 
enzyme SstI produces a relatively simple digestion pattern for both genomic
clones. With AmA14 it produces four fragments of lengths 24.3, 14.5, 7.5 and
3.2kb. As the vector has no SstI sites, the three SstI sites must occur within 
the mouse DNA of this recombinant. The long and short arms of the vector
A1059 are respectively, 20 and 9kb, in length and therefore these arms must 
be contained within the 24.3 and 14.5kb SstI fragments, respectively. The 
order of the two internal SstI fragments (of lengths 7.5 and 3.2kb) could not 
be determined from this inform ation alone. Single digestion with enzymes
such as Aval, Bglll and PvuII, which cleaved several times in the vector arms 
and in the mouse DNA, was less informative at this stage. However, as will 
emerge below, the data accumulated from digestion with these enzymes was 
useful when combined with those from other methods.
Even from these initial results, it was evident that AmA14 and Am A3 6 
shared some restriction fragments of similar size, for example, 2.5 and 0.4kb 
BamHI fragm ents, and 4.3 and 4.7kb B glll fragments. This reinforced the
F i g u r e  3.1 S in g le  re s tr i c t io n  e n z y m e  d ig es t i on  o f  A m A 14  and k m  A 3 6
The mouse genomic clones AmA14 and AmA36 and the parent vector A1059 
were digested with the restriction endonucleases indicated (section 2.2.8). The 
DNA was subjected to electrophoresis through a 0.7% agarose gel (section
2.2.10), and the molecular weight marker is Aclg^y digested with Hindlll.
L a n e DNA R e s t r i c t i o n
E n z y m e
L a n e DNA R e s tr i<
E n z y m
1 AmA36 Aval (b) 1 Am A3 6 K p n l
2 AmA14 A val 2 AmA14 K p n l
3 A1059 A val 3 A1059 K p n l
4 AmA36 P v u II 4 Am A3 6 SstI
5 A1059 P v u II 5 AmA14 SstI
6 AmA14 P v u II 6 A1059 SstI
7 Aclg5 7 H in d ll l 7 ^ cI857 H in d ll l
8 Am A3 6 H in d ll l 8 Am A3 6 B g lll
9 AmA14 H in d ll l 9 AmA14 B g lll
10 A1059 H in d ll l 10 A1059 B g lll
1 Am A3 6 EcoRI (d) 1 Am A3 6 BamHI
2 AmA14 EcoRI 2 AmA14 BamHI
3 A1059 EcoRI 3 A1059 BamHI
4 AmA36 Xbal 4 AmA36 P stI
5 AmA14 Xbal 5 AmA14 P stI
6 A1059 Xbal 6 A1059 P stI
7 Aclg57 H in d ll l 7 ^ cI857 H in d ll l
8 AmA36 Sail 8 Am A3 6 Sm al
9 AmA14 S ail 9 AmA14 Sm al
10 A1059 S ail 10 A1059 Sm al
(a)
1 2 3 4 5 6 7 8 9  10
( b )
1 2  3 4 5 6 7 8 9  10
kb
23.7
• 9.46
• 6.61 
■ 4.26
2.26 
" 1.98
23.7
9.46
6.61 
' 4.26
2.26  
"•1.980.58
0.58
( O
1 2 3 4 5 6 7 8 9  10
(d)
1 2 3 4 5 6 7 8 9  10
T a b le  3.1 F ra g m e n ts  p ro d u c e d  bv s in g le  r e s tr ic t io n  d ig estio n  of 
XmA14 and X,mA36
The lengths of the fragments produced by single restriction digestion of
?imA14 and ?cmA36 with each endonuclease was determined as described in 
section 2.2.10. Similar sized fragments corresponding to the insert DNA, but 
not that of the vector, are boxed. The fragments which are labelled with a '(*), 
hybridised to the ^ P - l a b e l l e d  p sti fragm ent of the skeletal muscle cDNA 
clone, pmS3 (Figure 2.2).
Restr ic tion
Enzyme
XmA14 ?imA36 Restriction ^mA 14 X m A 3 6  
Enzyme
Aval
BamHI
Bjftl ^vy
EcoRI
H i n d l l l
14.7
5.9
5.6
4.9
4.7 
3.8* 
3.5
1.9
1.8 
Many
fragments 
< l.Okb
26.7*
9.0
4.4
14.7
5.6
5.6 
5.3*
4.7 
4.6 
1.9 
0.8
Kpnl
20.4
15.7*
2.6
2.6
2.6
2.6
1.9
1.9 
. 0.4
22.0
7.0
1.5
0.4
22.6
7.0
4.7* 4.7*
4.3 4.3
3.0 
2.2
2.0
3.5
Many Many
fragments fragments
< l.Okb < l.Okb
21.8 24.8
15.0 7.5*
7.0* 7.0
3.5 3.5
1.6 El
23.6*
6.6
6.5
4.1
3.0 
2.3 
23
1.0
22.0
8.5*
5.3
4.1
2.3
LG[
Psti
P v u I I
Smal
SstI
17.0 17.0
15.3* 12.4*
11.0 9.8
2.7 2.5*
2.0* 1.5
1.5
13.5 11.5
10.0* 6.0
3.5 4.8*
Many Many
fragments fragments
< 3.0kb < 3.0kb
10.0 13.0*
/5 :o ^ 6.0
v 5.0. ' 4.3
4.3 4.2
4.2 3.9
3.9 3.6
3.7* 1.7
3.6 1.6
1.7
1.5*
Many Many
fragments fragments
< l.Okb < l.Okb
19.5 19.5
16.2* 17.7*
6.0 6.0
5.5
1.8 No sites
0.5
23.5* 25.0
13.4 12.5*
3.5 3.1
1.8 2.2
1.6 0.4
1.4
0.5
0.5
24.3* 20.5
14.5 11.3
7.5 5.5
3.2 5.2*
0.8
impression suggested by the initial electron micrographs that there might be
similarities between these clones extending outwith the actin region.
Figure 3.2 shows the very limited partial restriction maps of X,mA14 and
kmA36 using only the results from the single restriction digestions. The Xbal
and H indlll sites in both XmA14 and kmA36 fall within the region where the 
electron microscopic heteroduplex measurements predicted the actin DNA to
be located. This was consistent with the occurrence of Xbal and H indlll sites
in the actin processed pseudogene region of ^mA19 (Leader et al., 1985), the 
location of which has been indicated in Figure 2.3 for reference .
The results of further experiments in which the products of single 
restriction digestion were hybridised against D P-labelled actin probes, when 
considered in the context of the electron m icroscopic assignm ent of the 
position  o f the actin  pseudogene, prov ided  fu rther in fo rm ation  and 
confirmed some of the conclusions already reached. Figure 3.3 is an example
of a single restriction enzyme digestion of tanA14 and XmA 36, hyb rid ised  
against a ^^P-labelled Psti fragment of the skeletal muscle cDNA clone, pmS3 
(Figure 2.2), which contains DNA predom inately from the coding region.
Because of the high conservation of amino-acid sequence in different actin 
isoform s (see Introduction) this probe will hybridise to the restric tion  
fragments containing actin DNA, even i f  it is related to a different isoform. 
The hybridising restriction fragments are indicated in Table 3.1. The actin
probe hybridised to single SstI, Xbal and H indlll fragments of ?tmA14, which 
were approxim ately 23.0kb in length, confirming that the actin-like coding
DNA within ?^mA14 occurred to the left of these sites. This was still consistent
with the position of the Xbal and Hindlll sites in XmA19, (Figure 2.3), as these
sites in 7imA19 are respectively, at the start of, and within the 3' non-coding
1 0 1
F i g u r e  3.2 P a r t i a l  r e s t r i c t i o n  __maps of  XmA14 a n d  km A36 (ve r s ion  D
Very lim ited partial restric tion maps of km A 14 and XmA36 w ere 
constructed using only the results from the single restriction digestion (Table
3.1).
The position of the actin pseudogene regions, predicted from electron 
m icroscopy , are show n alongside the m aps, so lid  areas being  the 
pseudo-coding region and open areas indicating the 3’ non-coding region. In
the case of X,mA36, the pseudogene coding region is in terrupted by an 
estimated 540bp of extra DNA.
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F i g u r e ,  3 .3  E x a m p l e  o f  p r o d u c t s  o f  s ing le  re s t r i c t io n  d ig e s t i on  o f
AmA14 and lm A 3 6  hybridised to 32 -P-labelled actin probe
lm A 14  and lm A 3 6  were digested with the restric tion  endonucleases 
indicated (Figure 2.2.8) and subjected to electrophoresis through a 0.7% 
agarose gel (section 2.2.10). The DNA was transferred to nitrocellulose (section
'1 'y
2.2.15) and hybridised to a -^P -labelled  Psti fragment of the skeletal muscle 
cDNA clone, pmS3 (Figure 2.2).
(a) Photograph of the stained gel
(b) Autoradiograph of the nitrocellulose
The fragment(s) which hybridised to the actin probe are indicated below :
Lane DNA Restriction Enzyme Hybridised fragm ent(s)
(kb)
1 tanA14 Hindlll 23.6
2 tan A3 6 Hindlll 8.5
3 11059 Hindlll -
4 1mA 14 Clal 23.0
5 lmA36 Clal 3.0
6 11059 Clal -
7 I c l g ^  Hindlll -
8 1mA 14 Aval 3.8
9 lmA36 Aval 5.3
10 11059 Aval -
11 lmA14 PvuII 4.3 and 1.5
12 lmA36 PvuII 13.0
13 11059 PvuII
1 2 3 4 5 6 7 8 9 10 11 12 13
(a)
( b )
actin region, and thus would be expected to give rise to only a single 
fragment, hybridising to a probe from the actin coding region. Single 12.5kb
Xbal and 6.5kb H indlll fragments of XmA36 hybridised to the actin probe, 
confirming the position of these sites relative to the actin-like DNA, as shownx
in Figure 3.2. The Bglll and Kpnl restriction digestions of A,mA14 and X.mA3 6 
produced two hybridising fragments, both of which must contain actin DNA, 
and therefore these sites occurred within the actin coding region o f both
clones. This was consistent with the position of these sites within X.mA19, as 
indicated in Figure 2.3.
The position of the sites within and surrounding the actin-like regions 
was determined with more accuracy by double restriction digestion followed 
by hybridisation to a ^ P - l a b e l l e d  actin  probe. The double res tric tio n  
digestions were initially performed using B glll for the first digestion, as a 
Bglll site was known to occur within the actin-coding region and its position
could be predicted from the nucleotide sequence of AmA19. Figure 3.4 is an
example of such double digestions of ^mA14 and ^mA36 hybridised against a 
^ P - la b e lle d  Psti fragment of the skeletal muscle cDNA clone, pmS3 (Figure
2.2). The fragments which hybridised to the probe would identify the first 
restriction site 3' to the Bglll site for any given restriction enzyme provided 
a site occurred before the second B glll site, 4.7kb to the right. Figure 3.4 
illustrates the results of Bglll double digestions with EcoRI, Smal and Psti of
XmA14 and A,mA36. All gave rise to a 4.7kb hybridising fragment (The 4.7kb 
B glll fragment), indicating that none of these restriction enzymes has a site 
within 4.7kb of the B glll site in either clone. Bglll-X bal double digestion of
A.mA14 and A,mA36 produced a 850bp hybridising fragm ent, and thus 
indicated that a Xbal site occurred 850bp to the right of the B glll site in both
104
F i g u r e  3 .4  E x a m p le  o f  p ro d u c t s  of  B g l l l  doub le  d iges t ion  o f  I m  A 1 4
a n d  tanA36 h y b r i d i s e d  a g a in s t  3 -^ P - l a h e l l e d  a c t i n  p r o b e
A,mA14 and 7,mA36 were analysed as previously described in Figure 3.3, 
Bglll being the primary restriction enzyme in all cases.
(a) Photograph of the stained gel
(b) Autoradiograph of the nitrocellulose
The fragment(s) which hybridised to the actin probe are indicated below
Lane DNA Restriction enzyme H ybridised fragm ent(s)
1 2 (kb)
1 tanA14 B g lll Xbal 0.85
2 tan A3 6 B g lll Xbal 0.85
3 tanA14 B g lll EcoRI 4.7
4 tan A3 6 B g lll EcoRI 4.7
5 tanA14 B g lll Sm al 4.7
6 pBR322 B gll BamHI -
7 X clss? H in d ll l -
8 XmA14 B g lll 4.7
9 tanA36 B g lll 4.7
10 tanA14 B g lll PvuII 1.4 and 0.35
~11 tan A3 6 B g lll P v u II 1.5
12 tanA14 B g lll P s ti 4.7
13 tanA36 B g lll P s ti 4.7
1 2 3 4 5 6 7 8 9 10 11 12 13
(a)
( b )
genomic clones. This result was consistent with the Bglll and Xbal sites in
XmA14 and A,mA36 being in the same relative position as found in XmA19, were 
they are shown to be 850bp apart (Figure 2.3).
In order to map sites 5' to the Xbal site, double digestions were 
performed with Xbal and these were hybridised against a ^ P - la b e l le d  actin
coding probe. The Xbal-EcoRI double digestion of XmA14 and ^ m A 3  6, 
respectively  produced d ifferen t sized labelled  hybrid ising  fragm ents of 
lengths 1.5 and 2.0kb. As discussed in the In troduction, the electron 
micrographs show that 540bp of extra DNA interrupts the actin-like coding
region of kmA36, but not of tanA14. This difference could therefore allow
these two EcoRi sites in A.mA14 and ^mA36 to be equivalent despite their 
difference in distance from the Xbal site. (A similar arguement applies to the 
results of the single nsrtdction digestion with EcoRi or Kpnl hybridised against 
a ^ P -la b e lle d  actin probe, see Table 3.1). As the Bglll-X bal double digestions
of XmA14 and XmA36 had given a similar 850bp fragment, this indicated that
the extra DNA in XmA36 did not occur between Bglll and the Xbal site.
Double digestions were perform ed with EcoRi, so as to use as a
reference point the EcoRi sites located 5' to the actin regions in A,mA14 and
XmA36. It was hoped in this way to extend further the mapping 3' to the actin
regions, as the next EcoRi site occurred 7.0 and 7.5kb, respectively to the
right, 1.7kb beyond the 5' flanking B glll site. However these blots did not 
provide any new inform ation and only confirm ed the positions o f the 
restriction sites previously mapped by the B glll double digestions.
Figure 3.5 shows the partial restriction maps of XmA14 and XmA3 6 
revised using the hybridisation results from the single and double digestions. 
This shows that there are an increasing number of sites at similar positions
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F i g u r e  3.5 P a r t i a l  r e s t r i c t i o n  m a p s  of  >,mA14 and  X m A 3 6 ’ (vers ion  III
/
The partial restriction maps of >.mA14 and "kmA36 were revised using the 
results from the single and double digestions followed by hybridisation to an 
actin probe. The positions of the actin pseudogene regions are predicted from 
electron microscopy and are indicated as in Figure 3.2.
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in both clones.
In order to obtain comprehensive restriction maps over  the whole  of
the inserts of XmA14 and A.mA36 a different method was required. Rather than 
the tedious and difficult traditional method of double restriction digestions, 
the partial mapping technique of Rackwitz et al., (1984) was em ployed,
(section 2.5). Figure 3.6 shows the results of such an analysis for ^ m A 3  6 
partially digested with several enzymes. The samples of partially  digested
A,mA36 were mixed with the ^ P - l a b e l l e d  oligonucleotide com plem entary to 
the cohesive end of the short arm of lam bda and then subjected to 
electrophoresis. The autoradiograph of the gel v isualises those partial 
digestion products which contain this cohesive end, the length of the 
fragment indicating the distance of the restriction site, from the end of the 
short arm. The restriction map for a particular enzyme can be read off the 
autoradiograph in a manner analogous to reading a sequencing gel. For
example, the results of partial digestion of XmA36 with EcoRi produced four 
labelled fragments of lengths, 3.5, 10.5, 18.0 and >23.Okb. The 3.5kb fragment 
was generated by cleavage at the EcoRi site in  the short arm (9kb) of the 
vector, 3.5kb from its cohesive end. The 10.5kb fragment was generated by 
cleavage at a EcoRi site which occurred 1.5kb into the insert (to the right of 
its extremity as present in Figure 3.7), and the 18.Okb fragm ent locates the 
next EcoR i site, 9kb into the insert. The largest fragm ent represented
undigested XmA36. Table 3.2 summaries the lengths of the labelled products
generated when XmA36 is partially digested with a variety of restriction 
en d o n u c leases .
A second example illustrates this method in a more difficult case, that 
of ?imA14 digested with Aval, Were the results of complete digestion, (Figure
1 0 8
F i g u r e  3.6 E x a m p l e  of  k m A 3 6  m a p p e d  b v  t h e  p a r t i a l  d i g e s t i o n  
t e c h n i q u e
XmA36 was subjected to partial digestion mapping (Rackwitz et al., 1984) 
as described in section 2.5. The autoradiograph of the dried gel is shown.The 
sizes of the labelled fragments for each restriction endonucleases are listed in 
Table 3.2.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0 9
XflMs__ 2uL  Lengths af la b e lle d  . f r a g m e n ts  p r o d uced  bv  p a r t i a l
digestion of XmA14 and  X m A 3 6
Lane DNA Restriction enzyme Partial digestion
fragments (kb)
1 XmA36 EcoRi
2 XI059 EcoRi
3/4 XmA36 Aval
5 XmA36 BamHI
6 XI059 BamHI
7 XcIq^7 H indlll
4.2
12.5
19.0
20.0
22.5
4.2 
9.5
15.5 
16.0
17.5 
10.0
12.5 
7.0
7.0-9.0 (numerous)
11.5
16.5
20.5 
7.4
11.0
11.5 
12.0
14.5
15.0
20.0
8/9 XmA36 H indlll
10 XI059 H indlll
11 XmA36 PvuII
12 XmA36 Kpnl
14 XmA36 Bglll
15 XmA14 Aval
3.5
10.5 
18.0
3.5 
12.0 
20.0
5.6 
7.4
13.0
17.5
23.0
15.5
16.0
19.0
21.5
23.0 
9.0
23.0
43.0
3.1) are too complex to be interpreted on their own. Figure 3.6 shows the
labelled products of the partial digestion of XmA14 with Aval. These were 
fragments of lengths 7.4, 11.0, 11.5, 12.0, 14.5, 15.0, 20.0 and >23.Okb. Aval 
cleaves the short arm of lambda twice (Karn et al., 1980), however the partial 
digestion resulted in cleavage at only one of these sites to generate 7.4kb 
fragment. The 1 l.Okb fragm ent was generated by cleavage at an Aval site 
located 2.0kb into the insert (to the left of its extremity as presented in Figure
3.7), and subsequent fragments were produced by cleavage at sites 2.5, 3.0, 6.0, 
11.0 and > 14 .Okb into the insert. A lthough th is techn ique allow ed
unambiguous ordering of the sites, the distance between them could only be
ca lcu la ted  from  d ifferences betw een fragm ents, and som e of these 
differences were relatively small com pared to the sizes of the fragm ent 
measured. The value of the sizes of the smaller fragm ents resulting from
complete digestion (Figure 3.1) were therefore used to refine the map.
The revised restriction maps using these data are shown in Figure 3.7. 
They still contain ambiguites i relating to the order of closely adjacent sites 
and the possibility of sites missed because of the partial digestion. However it 
is evident that they allow comparison of a large number of sites over the
whole of the inserts within XmA 14 and XmA36.
3 .1 .2  D er iva t ion  and  ana lysi s  of  subc lones  of  XmA14 a n d  X m A 3 6
The maps in Figure 3.7, formed the basis for determining a strategy to
subclone much of XmA14 and XmA36. As well as being a necessary 
preliminary to the sequence analysis described in sections 3.1.4 and 3.2, the
generation of subclones was im portant for the com parison of XmA14 and
XmA36, as restriction mapping of the small inserts of such subclones allowed
1 1 1
Fi <?n r e  3 .7  P a r t i a l  r e s t r i c t i o n  m a o s  o f  X,mA14 a n d  X m A 3 6 
( v e r s i o n l l l )
The partial restriction maps of ^mA14 and X,mA36 were revised using the 
resu lts  of the partia l d igestion  technique. The positions o f the actin 
pseudogene regions predicted from electron microscopy are as indicated in 
Figure 3.2.
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much more precise correlation of sites, apparently at sim ilar positions in 
Figure 3.7.
The general methods by which the subclones were constructed and
identified are described in detail in section 2.4. The relationship of the
subclones to the parent genomic clones, AmA14 and ?imA36, is shown in 
Figure 3.8, and detailed restriction maps of individual subclones are shown in 
Figure 3.9 to 3.14. The basis for the identification and positioning of each of 
these subclones shown in Figure 3.7 was as follows.
^mA14 and 7,mA36 subclones, 14KK1 (2.0kb) and 36KK1 (2.5kb), were 
identified using a ^ P - la b e l l e d  PstI fragm ent from  pmS3 (Figure 2.2,
predominately y-actin coding region), and their identities confirmed by the 
presence of EcoRI and Bglll sites (Figure 3.9) in positions consistent with the 
overall restriction maps (Figure 3.7).
XmA14 Hindlll subclone, 14HH1 (3.0kb) and A,mA36 Xbal subclone 36XX1 
(3.1kb), were identified using a ^ P - la b e l le d  Pstl-X bal fragm ent from the
subclone M yA-\|/l, a subclone of XmA19 (Figure 2.3, which contains the y-actin 
3'non-coding region). Their identities were confirmed by the presence of the 
Aval site in positions consistent with the overall restriction maps (Figure
3.7). The presence of a SstI site in 14HH1 allowed two further subclones to be 
derived from  this, and facilita ted  subsequent sequencing. The restric tion  
maps of 14HH1 and 36XX1 are shown in Figure 3.10.
The XmA14 H indlll subclones, 14HH2 (2.3kb), 14HH3 (l.Okb) and 14HH4 
(2.3kb) were identified by relating their restriction maps to the overall maps 
(Figure 3.7). The position and orientation of the subclone 14HH2 was deduced 
from the presence and location of a SstI site (Figure 3.11), not present in
either 14HH3 and 14HH4. The position and orientation of the subclone 14HH4 
was deduced from the presence and location of the B glll site (Figure 3.11).
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F ig u re  3.8 R e la tio n sh ip  of subciones to the  p a re n t genom ic clones 
X,mA14 and A,mA36
The general methods by which the subclones, were constructed and 
identified are described in section 2.4 and in the text of the Result chapter. The 
position of the actin pseudogene regions predicted from electron microscopy 
are as indicated in Figure 3.2.
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F ig u re  3.9 P a r tia l  re s tr ic t io n  m aos of XmA14 and X m A 36 K o n l  
subclones 14KK1 and 36KK1
The maps show selected restriction sites in the inserts of clones 14KK1 
and 36KK1 in pUC18. Mapping was by single and double digestion with the 
endonucleases for the sites indicated together with the endonucleases that 
cleave once in the polylinker.
14KK1
c
CL
36KK1
Q. oo
LU
2 0 0 b p
»—1 *—< *—i »—i i—i
+-» 4-> ,— i c
CO CO O) d
CO Q_ cq
1 1 5
F i g u r e  3 . 1 0  P a r t ia l  r e s t r i c t io n  m a p s  o f  X.mA14 HindTTI s u b c l o n e
14HH1 and ?,mA36 XhaT sn h c lo n e  36XX1
The maps show selected restriction sites in the inserts of clones 14HH1 
and 36XX1 in pUC18. Mapping was as described in Figure 3,9. Subclones 14HH1A 
and 14HH1B were produced by digesting both .orientations of 14HH1 with SstI 
followed by religation.
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Subsequent sequencing of the subclone (described in section 3.2.2) proved 
this oriention to be correct. The l.Okb H ind lll fragm ent, subcloned into 
14HH3 has previously been tentatively assigned a location to the right of the 
fragm ents subcloned into 14HH2 and 14HH4 (see Figure 3.7). However 
mapping of 14HH3 indicated that it contained several restriction sites which 
clearly positioned it between 14HH2 and 14HH4. The orientation of 14HH3, 
although based on restriction mapping must still be considered uncertain,
because the proximity of the sites made unambiguous ordering of the partial
digestion fragment (Figure 3.6) difficult. Mapping of the ^m A 36 subclones 
36XX3 and 36HH3 (see below) shows that there are sites in the corresponding 
region of theses clones in a similar order to that proposed for 14HH3. (The 
order of restriction enzyme sites could be more precisely determined in these
subclones of XmA36 because they overlap). Therefore the designation of 
14HH3, shown in Figure 3.11, is most likely to be correct. The subclones 14HH2 
and 14HH4 were further subcloned using, respectively, the internal SstI and 
Bglll sites. The restriction maps of 14HH2, 14HH3 and 14HH4 are shown in
Figure 3.11.
The XmA36 H indlll subclones 36HH3 (l.Okb) and 36HH4 (2.3kb), were
identified as follows. The position and orientation of the subclone 36HH4 was 
deduced as for 14HH4, from the presence and location of the B glll site. The 
position of 36HH3 was determined as described for 14HH3. The orientation of 
36HH3 was determined by the presence of EcoRI and Xbal, 100 and 300bp 
respectively from the left-hand H indlll site. The sites fell w ithin a region 
contained in the subclone 36XX3 which overlapped 36HH3 on the left-hand 
side by 300bp. The restriction maps of 36HH3 and 36HH4 are shown in Figure 
3.12.
The ?imA36 Xbal subclones, 36XX2 (400bp) and 36XX3 (2.3kb), were
1 1 7
F i g u r e  3 .11  P a r t ia l  r e s t r i c t i o n  m a p s  o f  A m A 1 4  H i n d l l l  s u b c l o n e s
14HH2. 14HH3 and 14HH4
The maps show selected restriction sites in the inserts of clones 14HH2, 
14HH3 and 14HH4. Mapping was as described in Figure 3.9. Subclones 14HH2A 
and 14HH2B were produced by digesting both orientations of 14HH2 with SstI 
followed by religation. Subclones 14HH4A and 14HH4B were produced by 
digesting both orientations of 14HH4 with B glll and BamHI follow ed by 
re lig a tio n .
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F i g u r e  3 . 1 2  P a r t ia l  r e s tr i c t io n  m a p s  o f  ^ m A 3 6  H i n d l l l  s u h c l o n e s
36 H H 3  and 36H H4
The maps show selected restriction sites in the inserts of clones 36HH3 
and 36HH4 in pUC18. Mapping was as described in Figure 3.9.
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identified as follows. Subclone 36XX3 was found to overlap subclone 36HH3 (as 
described above) and was therefore positioned and oriented by the presence 
of the EcoRI and H indlll sites near the 3' Xbal site. The subclone 36XX2 was 
located to the left of 36XX3 as the 400bp Xbal fragment within 36XX2 was 
required to position the sites w ithin 36XX3 at the correct predeterm ined 
distance from the actin region. Further confirm ation that the location of 
36XX2 was correct, was that 36XX3 was predicted to have two BamHI sites 
within 500bp of the 5' Xbal site, however there was only one, the second was 
located in the subclone to the left, 36XX2. Restriction maps of 36XX2 and 36XX3 
are shown in Figure 3.13.
The ?unA14 subclones designate by 'Smal' were actually produced using 
the isoschizomer, Xcyl, which cleaves to produce 5' protruding ends rather 
than blunt ends produced by cleavage with Smal, and therefore increases the 
effeciency of ligation. The subclones, 14SS1 (1.9kb) and 14SS2 (400bp) shown
in Figure 3.8 were from a region o f  XmA14 which fell outwith the genomic
region of XmA36 and were not used for comparitive purposes. The 14SS1
subclone included the region a^  (Figure 1.8) and was identified using a probe
containing as described in detail in section 3.2.1, below. The presence of
the three PstI sites w ithin 14SS1 allowed three further subclones to be 
derived from the two internal PstI fragments, 970 and 330bp in length, and 
the PstI to 3' Smal fragm ent of 470bp, and these facilitated  subsequent 
sequencing. The maps are presented here for consistency (Figure 3.14).
The restriction maps of ?imA14 and ?imA36 were revised in the light of 
the mapping of the subclones and the final version of these maps are shown 
in Figure 3.15. The main revisions were the placing of subclones 14HH3, 
36HH3 and 36XX2 (see above), the revision of the order of clustered restriction
1ZU
F ig u re  3 .13 P a r t ia l  r e s tr ic tio n  m aps of ?.m A 36 X b a l su b c lo n e s  
36XX2 and 36XX3
The maps show selected restriction sites in the inserts of clones 36XX2
\
and 36XX3 in pUC18. Mapping was as described in Figure 3.9.
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F i g u r e  3 . 1 4  P a r t ia l  r e s t r i c t i o n  m a n s  o f  X m A 1 4  ' S m a l 1 s u b c l o n e s
-14SS1 and 14SS2
The maps show selected restriction sites in the inserts of clones 14SS1 
and 14SS2 in pUC18. Mapping was as described in Figure 3.9. The subclones 
14SS1A and MSS IB were produced by resubcloning the two internal PstI 
fragments of lengths of 0.97 and 0.33kb. Subclone 14SS1C was produced by 
digesting 14SS1 with PstI followed by religation.
14SS1
A B C
i_____i
200bp
14SS2
sites, for example, within the l.Okb H indlll subclones, and the detection of a 
couple of unknown sites previously hidden by the close proximity of similar 
sites, for example, EcoRI sites in the HH3 subclones.
Comparison of the detailed restriction maps of kmA14 and XmA3 6 
indicated that their similarity appeared to extend over 1 l.Okb (with respect to
XmA14) from the Kpnl site in 14KK1 to the BamHI site lOObp beyond the 3’ 
H indlll site of 14HH4.
3 .1 .3  C ro ss -h v b rid isa tio n  betw een  kmA14 and Xm A 3 6
The subcloning of much of ^mA14 and ^ma36 allowed confirm ation of
their relatedness, by cross-hybridising fragm ents from  A,mAl4 against
^mA36. The XmA14 restriction fragments were isolated from  the subclone 
14HH1B (Figure 3.16) which contains the DNA of the left-hand arm of the 
foldback structure in this clone.
Figure 3.17 shows the ^^P-labelled Sstl-A ccI restriction fragm ent from
the subclone 14HH1B, hybridised against ^m A 36 digested w ith various 
restriction enzymes. The ^ P - l a b e l l e d  probe hybridised to a 5.3kb H indlll
restriction fragment of XmA36. This fragment is located from 3.6 to 8.9kb
from the left extremity of the insert in XmA36 (Figure 3.15) and hence 
includes the region corresponding to the position of the Sstl-A ccI fragment
of A,mA14. This indicated that X.mA36 contained DNA homologous to that in the 
Sstl-AccI fragment, and was consistent with it being at a sim ilar location 
with respect to the actin pseudogene.
Figure 3.18 shows the l.Okb AccI restriction fragm ent from 14HH1B
1 2 3
F i g u r e  3.15  F in a l  p a r t i a l  r e s t r i c t i o n  m a p s  of  XmA14 a nd  A . m A 3 6  
( v e r s io n  IV)
The partial restriction maps of A,mA14 and XmA36 were revised using the 
results from the subcloning. The positions of the actin pseudogene regions 
predicted from electron microscopy was as indicated in Figure 3.2. Within the 
region enclosed by the dashed line, restric tion sites which are sim ilarly
positioned in A,mA14 and 7imA36 are above the line and those which differ 
below. Outwith the enclosed region, all the restriction sites are above the line. 
The maps are complete for Bglll, PvuII and PstI only in the regions which 
have been subcloned. Sites for AccI have only been mapped in specific 
su b c lo n es .
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F i g u r e  3 . 1 6  L o c a t i o n  o f  D N A  p r o b e s  i s o l a t e d  f r o m  s u h c i o n e
14HH1B. used to hybrid ise to digested ^,m A 36
The XmA14 subclone 14HH1B was digested with SstI, AccI and H indlll
(section 2.2.8) and three fragments (i), (ii) and (iii) isolated (section 2.2.13).
The DNA probes were :
(i) Sstl-AccI 400bp fragment
(ii)  AccI l.Okb fragment
(iii) Accl-H indlll 900bp fragment
1AHH1
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B
CO><c
200bp
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F ig u re  3 .17 H y b r id is a t io n  o f S s tl-A c c I  f ra g m e n t fro m  su b c lo n e  
14HH1B, against digested Am A 36
AmA36 was digested w ith the restric tion  endonucleases indicated 
(section 2.2.8) and subjected to electrophoresis through a 1% agarose gel 
(section 2.2.10). The DNA was transferred to the nitrocellulose (section 2.2.15) 
and hybridised against the ^ P - la b e l le d  Sstl-A ccI fragm ent (section 2.2.17) 
from the subclone 14HH1B (Figure 3.16).
(a) Photograph of the stained gel (lanes 1-6)
(b) Autoradiograph of the nitrocellulose (lanes 1-6)
The fragment(s) which hybridised to the ^^P -labelled  DNA probe are 
indicated below :
Lane DNA Restriction enzyme H ybridised fragm ent(s)
(kb)
1 Am A3 6
2 AmA36
3 kclg57
4 pmS4
5 14HH1B
6 Am A3 6
BamHI 15.7
H in d ll l  5.3
H in d ll l  
TaqI
SstI/ AccI o*4
K p n l 12.5

hybridised against AmA36 digested with various restriction enzymes. The AccI 
fragment hybridised to both a 5.3 and 2.3kb H indlll restriction fragment of
AmA36. The 5.3kb fragment of AmA36 includes the region corresponding to
the AccI fragm ent of AmA14 and hence the resu lt is consistent with 
homologous DNA at equivalent locations in the two clones. The hybridisation 
to the 2.3kb H indlll fragment indicated that DNA homologous to the probe
also occurred in a second location within AmA36. This is because the AccI
fragm ent includes part of the b ^  region of the stem, w hich has a
complementary region b ^ , in AmA14 (see below) and, if AmA36 is homologous,
it would also be predicted to have two complementary regions.
Figure 3.19 shows the ^ 2 P -labelled  900bp A cc l-H in d lll res tric tion
fragment (loop DNA) from the subclone 14HH1B hybridised against Am A3 6 
digested with various restriction enzymes. The ^ 2P-labelled probe hybridised
to single restriction fragments within digested AmA36, for example the 5.3kb 
fragm en t. As d iscussed  above, th is  fragm en t inc ludes the reg ion
corresponding to the position of the A ccl-H indlll fragment of AmA14 and
thus AmA36 contains DNA homologous to the probe at equivalent locations in 
the two clones.
3 . 1 . 4  P a r t i a l  s e quenc ing  of  AmA14 a nd  Am A 3 6
The mapping of AmA14 and AmA36 has suggested that their similarity
extended at least for ll.Okb (with respect to AmA14) from  an apparently 
common Kpnl site left of the actin-like region to a BamHI site to the right.
1 2 7
F ig u re  3.18 H y b rid isa tio n  of AccI frag m e n t from  subclone 14HH1B 
against digested X m A 3  6
The hybridisation was performed as described in Figure 3.17.
(a) Photograph of a stained gel (lanes 1-6)
(b) Autoradiograph of the nitrocellulose (lanes 1-6)
The fragm ent(s) which hybridised to the J ^ P - la b e lle d  A ccI
fragment, from the subclone 14HHIB (Figure 3.16) are indicated below :
Lane DNA Restr ic t ion enzyme Hybridi sed fragment(s)  
( k b )
tan A3 6 
tan A3 6
^cI857 
pmS4 
14HH1B 
tan A3 6
Hindlll
BamHI
H in d ll l
TaqI
S stl/A cc I
Bglll
2.3 and 5.3 
3.0 and 15.7
0.9 
4.3 and 4.7
(a) (b)
1 2 3 4 5 6 1 2  3 4 5  6
1 2 8
F i g u r e  3 . 1 9  H y b r i d i s a t i o n  o f  A c c l - H i n d l l l  f r a g m e n t  f r o m
su b c lo n e  14HH1B.  a g a in s t  d iges ted  A m A 3 6
The hybridisation was performed as described in Figure 3.17.
(a) Photograph of the stained gel (lanes 1-6)
(b) Autoradiograph of the nitrocellulose (lanes 1-6)
The fragm ent(s) which hybridised to the ^ P - l a b e l l e d  A c c l-H in d lll  
fragment from the subclone 14HH1B (Figure 3.16) are indicated below :
Lane  DNA Restr ic t ion enzyme Hybrid ised  fragment(s)
( k b )
1 Am A3 6 BamHI 15.7
2 Am A3 6 H in d ll l 5.3
3 pmS4 TaqI -
4 AcI857 H in d ll l -
5 14HH1B S stl/A cc I 3.6
6 Am A3 6 K p n l 12.5
(a) (b)
1 2 3 4 5 6  1 2 3 4 5 6
23.7 ^ ■ mmm■
9 . 4 6 ^ ------ y %
6.61
4.26
1 - 0 m ■ mm
2.26 — 1 K
1.98 -— V
1.44 -------- 1 M
0.80 1Wm f
p
0.38 -------- ■ m
Because of the insertion in XmA36, and the subsequent displacement sites 5' to 
the actin pseudogene, it was important to confirm the equivalence of this 
region 5' to the pseudogene by sequencing from the Kpnl site. The clones 
were also sequenced from the H indlll site 1 l.Okb to the right to confirm the 
similarity at the other extremity.
DNA sequence was determined from the extreme 5' Kpnl site of the
subclones 14KK1 and 36KK1 and from the extreme 3' H indlll site of 14HH4 and
36HH4, as indicated in Figure 3.8. Comparison of sequences from XmA14 and
XmA36 is shown in Figure 3.20. It cas be seen that these sequences, although 
containing some differences are over 96% identical.
Further com parison of XmA14 and XmA36 inv o lv ed  ad d itio n a l
sequencing of the KK1 subclones. The subclone 14KK1 was com pletely 
sequenced except for 5 bases either side of the A vail site and 36KK1 was 
partially sequenced. Figure 3.21 outlines the details of the sequencing of 
14KK1 and the DNA sequence obtained is shown in Figure 3.22. The strategy 
by which 36KK1 was partially sequenced is shown in Figure 3.23. Figure 3.24 
shows the DNA sequence obtained. Figure 3.25 shows a com parison of the
sequence obtained from 14KK1 and 36KK1 : part (a) is a comparison of the 5' 
flank ing  sequences and part (b) is a com parison of the actin -like
pseudo-coding sequences.
F i g u r e  3 . 2 0  C o m p a r i s o n  o f  t h e  n u c l e o t i d e  s e q u e n c e  o f  I m  A 1 4
an d  A,mA36 a t  th e  e x t r e m it ie s  o f c o r r e s p o n  d in sl 
su b c lo n ed  re g io n s
Sequences shown are from :
(a) The leftward Kpnl sites of the subclones 14KK1 and 36KK1 (Figures 
3.8 and 3.9). •
(b) The rightward H indlll sites of the subclones 14HH4 and 36HH4 
(Figures 3.8, 3.11 and 3.12).
( « )
>-mA I 4 ; 
> m A 3 6 ;
'L e f t w a r d '  e x t r e m i t y  ( s u b c l o n e s  1 4K K 1 a n d  36I4K 1)
K p n  I
CCTACCAATACCACTTAACCAACCTTCAACATCTCTTAATTTTTCAATAACTTTTCTCCTTATTTTTCTCnTCACACACTACCTCATTAAAGTATCCCC
I I I I I t I I I I I I II I I I I I I I I I I I I I I 1 I I I I I II I I t I I I ( I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I It
CCTACCAATACCACTTAACCAACCTTCACCATCTCTTAA’m 'TTCCATAACTTTTCTCCTTATTTTTCTTTTTCACACACTACCTCAlTAAACTATCTCC
> " A  I 6 • TTCAAATCATTACATCAACCAATCAATCTTCATTCTCTATACTATTCCAATAAAAT 'f  TT CACCATCCAATTTCTCACTCTTCTCTCTCTTTCTTACTAAC 2 0 0
ii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiin i i inn  iii1111111111ii11111111111111111111111111111111111111
> m A 3 6 :  TTCAAATCATTACATCAACCAATCAATCTTGATTCTCTCTCCTATTTCAATAAAATTTTCACCATCCAATTTCTCACTCTTCTCTCTCTTTCTTACTAAC 2 0 0
?*mA 14 ■ 
mA 3 6 :
CGAGCGCACACC
l l l l l l l l l l l l
GGAGGGGACACG
( b )  ' R i g h t w a r d '  e x t r e m i t y  ( s u b c l o n e s  14HH4 a n d  3 6 H H 4 )
> mA 1 4 :  AGACCCACAGAGACCAACATTCAATAACGAGGATACTGAGACAATCCGACCCAATCATGAGCACCTCAAGTTGAGAGACGACTCGGGGTCACCAGTCTCG 1 0 0
i i i m i m i i m  hi m i i i i i i i i i i i i  i i m i i m i i i i m m  i i i i i i i m m  m i n i m  m i n i m u m  m i  11
> -m A 36: ACACCGACACAGACCCACATTGAATAAGGAGCACACTCAGACAATCGGACGCAACCATGAGGACCTCACCTTGAGACAGGACTCGGGGTCACCAGTCTCG 1 0 0
7*mAI It ■ TAACACATCCCCCTTCCACAGTACAACCTCCCTTCCACCCCTCTCCACACCCACACGTCACACAGACCACCATAACTATTTCAACCTTTCACTCCCACTC 2 0 0
i i i i h i  i m m m m m m i m m m m  i m i i m m m m i m m m m i  m m m m m m m m i
>■ m A 3 6 : TAACACACGTCCCTTCCACACTACAACCTCCCTTCCACCCCCCTCCACACCCACACCTCACACACACGACGATACCTATTTCAACCTTTCACTCCGACTG 2 0 0
7* mA 1 It: 
7 m A 36:
g t t c t t c g a a  
l l l l l l l l l l  
g t t c t t c g a a  
H in d  X I I
2 0 9
209
F i g u r e  3.21 S t r a t e g y  f o r  s e q u e n c i n g  th e  s u b c l o n e  14 K K 1
Only those sites used for labelling following prim ary restriction are 
shown. The beginning of each arrow denotes the restriction sites at which the 
fragment was labelled. The arrow tip denotes the lim it of the reading of the 
sequencing gel. The DNA strand designated A corresponds to the sense strand 
with respect to actin, and strand B represents the antisense strand with 
respect - to actin. The arrows are numbered sequentially along the A and B 
strands and serve as reference numbers for the table below, outlining the
details of the sequencing. The sequence was determined 75% on both strands.
Sequence
run
Labelled
restriction
site
Radionucleotide
used
R estriction  
enzyme 
second cut
S trand  
sequenced 
A or B
1 HindIII*(5’KpnI) 732P-ATP EcoRI A
2 Dral y32P-ATP Bglll A
3 EcoRI oc32P-dATP H indlll A
4 EcoRI y32P-ATP Bglll A
5 Hpall y^P-ATP EcoRI A
6 AccI y^P-ATP EcoRI A
7 Bglll a32P-dCTP H indlll A
8 Bglll y32P-ATP EcoRI A
9 Avail a32P-dCTP H indlll A
10 Avail y^P-ATP EcoRI A
11 EcoRI *(3’KpnI) oc32P-dATP H indlll A
12 Hindlll *(5'KpnI) a32P-dCTP EcoRI B
13 Dral t^ p -a tp H indlll B
14 EcoRI 732P-ATP H indlll B
15 EcoRI a32P-dATP Bglll B
16 Hpall 7 % -ATP H indlll B
17 AccI T^P-ATP EcoRI B
18 Bglll 732P-ATP H indlll B
19 Bglll a32P-dCTP EcoRI B
20 Avail t^ p -a tp H indlll B
21 Avail a32P-dCTP EcoRI B
22 EcoRI*(3'KpnI) 732P-ATP H indlll B
* Polylinker restriction site of pUC18
Kpn I
Dra I 
Eco RI
Hpa I I
Acc I 
Bgl I I
Ava I I
Kpn I
F i g u r e  3 .2 2  P a r t ia l  n u c l e o t i d e  s e q u e n c e  o f  14K K 1
The nucleotide sequence of subclone 14KK1 is shown with the leftward 
Kpnl site (Figure 3.8) equivalent to nucleotide 1. Other sites shown are those 
used in sequencing (Figure 3.21).
K pn I
1 GGTACCAATA GCAGTTAAGG AACCTTCAAC ATGTCTTAAT TTTTCAATAA c T r r r c T c c T TATTTTTCTG TITCAGACAG TACCTGATTA AAGTATGCCC 1 0 0
CCATGCTTAT CCTCAATTCC TTCCAACTTG TACAGAATTA AAAACTTATT GAAAAGACCA ATAAAAAGAC AAAGTCTCTC ATGCACTAAT TTCATACCCG
101 TTCAAATCAT TACATCAACC a a t c a a t g t t GATTGTCTAT a c t a t t c c a a TAAAATTTTC AGCATGCAAT TTCTCAGTCT TGTCTCTGTT TCTTAGTAAG 2 0 0
AAGTTTACTA ATCTACTTCC TTACTTACAA CTAACACATA TGATAAGCTT ATTTTAAAAG TCGTACCTTA AAGACTCACA ACAGACACAA AGAATCATTC
: o i GGAGGGGAGA GCTTTCACAG TTCGAATGTT CAAGCATACA ACACCTTGGC AAAACACACC AAGAATATGT CCAAATATTT CCGATCTTTT TTCCCCCACA 3 0 0
CCTCCCCTCT CCAAACTCTC AACCTTACAA CTTCCT ATCT TGTCGAACCG TTTTGTCTCC TTCTTATACA CCTTTATAAA GGCTAGAAAA a a c g g c c t c t
3 01 ACACGACATA CAAAGTCAAA a t a c t t t a t g CCCCTCTAAC TAGACGATTC TTCCATGAAG TCTCCATTAC AAATCTATCA TATAATATAT AATTTTACAC 6 0 0
TCTCCTCTAT CTTTCACTTT TATGAAATAC CGCCACATTG ATCTCCTAAC AACCTACTTC ACACCTAATC TTTACATACT ATATTATATA TTAAAATCTG
6 01 TCTCTTATTG AATTTTTCTC a a a t t t a a a g GAAACTGGGT AGATGTATTG AGGGAATTCA AAACCCCAGT TTTTAACACC GTGATATTCC CCAGTTCATC 5 0 0
ACAGAATAAC TTAAAAAGAC TTTAAATTTC CTTTGACCCA TCTACATAAC TCCCTTAACT TTTGGCCTCA AAAATTCTGG CACTATAAGG GCTCAACTAG
SOI CCCCAGGTTT CACCTTTCCT TGTCCCATCT TGCATTTTCC GTTCCAATTT TTTTTACCAA AATAACTGTT CCCACTTTCT TAATATTGCT g a a a c g a t c t 6 0 0
GCCCTCCAAA CTCCAAACGA ACAGCGTACA ACCTAAAACG c a a g g t t a a a AAAAATCCTT TTATTCACAA CGGTGAAAGA ATTATAACGA c t t t g c t a g a
E c o R  I
6 0 1 ACTCACTAGT CAATTATCCA a c t g c t g t a t AAATGATGAA TCTCTTCTTT TTAACTTGAC CCTATAGATC TCGATCTGGA TAAATTATAC TTGAATTCCA 7 0 0
TCAGTCATCA CTTAATAGCT TGACGACATA TTTACTACTT AGACAACAAA AATTCAACTC GGATATCTAC ACCTACACCT ATTTAATATC AACTTAAGCT
701 TCTTTTAAAT GCTACCAATT TCTTCCATCT CTCTCTCTTA CCTCCAATAA a t g c a t t t a a AACAAAGATA AACTTCTGAC CATTTGTCAA AAACCATTTC 8 0 0
AGAAAATTTA CGATCCTTAA AGAAGGTACA CAGAGAGAAT GGACCTTATT TACGTAAATT TTCTTTCT AT TTCAAGACTG GTAAACACTT TTTCCTAAAG
8 0 1 CTACAGCAAC TCATTTGCTC ATCCCATCCT ATCCTATACG TTGATTTATT TTCCTCATGA TATCGTTTTC TTAAGATTTA TTTA TTTTA T ATCAGTACAC 9 0 0
GATCTCCTTC ACTAAACCAC TACCCTAGGA TACCATATCC AACTAAATAA AACCACTACT ATACCAAAAG AATTCTAAAT AAATAAAATA TACTCATGTG
00 1 TCTCTAACTC CTACTAAGAC CCTATTATGC ATGCTGTGTA ACCCAACATG TGCTTCCTTC TCATTCAAAC AAGCACCTCT TGGAAGAGCA CCCAATGATT 1 0 0 0
ACAGATTCAC CATCATTCTG CGATAATACC TACCACACAT TCGCTTGT AC ACCAACGAAC ACTAACTTTG TTCCTCGAGA ACCTTCTCGT CGGTTACTAA
1001 TTAACCACTT ACCCATCTCT CCACCCAGAT TGAAATTATT TTTCATTAGT TGCATTTTTG ATACGGTCCT ATGGAGACAG GTTAGACTCC AATAGAACAA 1 1 0 0
AATTGGTGAA TCCGTAGACA GGTCGGTCTA ACTTTAATAA AAACTAATCA ACGTAAAAAC TATCCCAGGA TACCTCTCTC CAATCTGACG TTA TC TTC TT
H p a I I ,
1 101 GAAATCGCCG CACTCGTCAT TGACAATGGC TCCGACCTGC AGGAAGCCGG CTTTGCTGGC GACGACGCCC CCAGGGCCAT GTTCTCTTCC ATCGTAGGGC 1 2 0 0
CTTTACCCCC CTCAGCACTA ACTCTTACCC ACGCCGTACA CGTTTCGCCC CAAACGACCG CTCCTGCCGC CGTCCCCGT A CAAGAGAACC TACCATCCCG
1201 GCCCCTGACA CCACAGTGTC ATCCTGGCCA TCGGCCAGAA AGACTCCTAC CTCGGTCACG AGCCCCAGAG
ACC 1
CAAGAGGGCT ATACTGACCC TGAACTACCC 1 3 0 0
CCCGGACTGT GGTCTCACAC TACCACCCGT ACCCGGTCTT TCTGACCATG CACCCACTGC TCCGCGTCTC GTTCTCCCCA TATGACTGGG ACTTCATGGG
Br I  XI
3 0 1 TATCGAACAC CGCATTCTCA CTAACTGGGA CAACATGGAG AAGATCTGGC ACCACACCTT CTACAATGAG CTCCATGTGG CTCCTGAGGA GCCCCGGTAC 1 6 0 0
ATAGCTTGTC CCGTAACAGT GATTGACCCT CTTGTACCTC TTCTAGACCG TCCTGTGGAA GATGTTACTC GACCTACACC GAGGACTCCT CGGCCCCATG
6 0 1 TCTCACTGAG GCCCCCTTAA ACCCCAAAGC TAACAGAGAC ATGATGACGC ACATAATATT CGAGATCCTC AATACCCCAG CCATCTACGT CCCCATTCAG 1 5 0 0
ACACTGACTC CGGGGGAATT TGGCGTTTCC ATTGTCTCTC TACTACTCCG TCTATTATAA CCTCTACCAG TTATCGCGTC GGTACATCCA CCGGTAAGTC
SOI CCCCTGCTGT CCTTGTATCC ATCTGGGGAC ACCACTGACA TTGTCATGAA CTCTGCTCAC CGGGTCACAC ACACAGTGCC CATCTAAAAG GCCTACGCCC 1 6 0 0
CCCCACCACA GGAACATACG TAGACCCCTC TGGTGACTCT AACACTACTT CAGACCACTC CCCCAGTCTC TCTGTCACCC CTAGATI'TTC CCGATCCGGG
A v a I I
6 0 1 t t c c t c a c c t CATCTTCCCT CTGGACCTGG C T .............GGA C C .............CAC TGCCTCATGA AGATCCTGAC TAAACGGGCC TACAGCTTTA CCCCCACTGC 1 7 0 0
AACGAGTGGA CTAGAACGCA GACCTCCACC CA.............CCT G G .............CTC ACCGAGTACT TCTACGACTC ATTTCCCCCG ATGTCGAAAT GGCGCTCACC
70 1 TGAGAGGGAA ATTGTTCCTG ACATAAAGGA GAACCTCTCC TATGTTCCCC TCGATTTTGA CCAAGAAATC CCTACTGCTG CATCATCTTC CTCCTTCCAG 1 8 0 0
ACTCTCCCTT TAACAACGAC TCTATTTCCT CTTCGACACG ATACAACGCC ACCTAAAACT CGTTCTTTAC CCATCACGAC GTACTAGAAG CAGGAACCTC
80 1 AACACTTACC AGTTGCCCGA CCGGCACGCG ATCACCATTG GCAACGAGCC CTTCCCGTGT CCGGAGCCAC TCTTCCAGCC TTCCTTCCTA GCCATACAGT 1 9 0 0
t t c t c a a t g c TCAACGGCCT GCCCGTCCGC TAGTGCTAAC CGTTGCTCGC CAAGGCCACA GGCCTCCGTC AGAAGCTCGG AACGAAGGAT CCGTATCTCA
90 1 CCTCTGCTAT CCATCACACC ACCTTCAACT CCATCATGAA GTCTCATGTC CATATCCCCA AAGACCTGTA TCCCAAAACA GTGCTGTCTA GCGGTACC 1 9 9 8
CGACACCATA CGTACTCTGG TGGAAGTTGA GGTACTACTT CACACTACAC CTATAGCCGT TTCTCGACAT A C C C T m C T c a c g a c a c a t CCCCATGG
F i g u r e  3 .2 3  S t r a t e g y  fo r  s e q u e n c i n g  s u b c l o n e  3 6 K K 1
Only those sites used for labelling following prim ary restriction are 
shown. This subclone was partially sequenced from four restriction sites the 
5'KpnI, EcoRI, B glll and 3'KpnI and the sequence data frome each of these 
has been designated (i), (ii), (iii) and (iv) respectively. Further details of this 
figure are as described for Figure 3.21. The arrows are numbered to serve as a 
reference for the table below, outlining the details of the sequencing.
Sequence Labelled Radionucleotide Restriction Strand
run restriction used enzyme sequenced
site second cut A or B
1 Hindlll* (5’KpnI) y^P-A T P EcoRI A
2 EcoRI cx32P-dATP H in d ll l A
3 EcoRI y32P-ATP B g lll A
4 B g lll a 32P-dCTP H in d ll l A
5 B g lll y32P-ATP EcoRI A
6 EcoRI* (3’KpnI) a 32P-dATP H in d ll l A
7 H ind lll*  (5'KpnI) a 32P-dCTP EcoRI B
8 EcoRI y^P-A T P H in d ll l B
9 EcoRI a 32P-dATP B g lll B
10 B g lll y^P -A T P H in d ll l B
11 B g lll a 32P-dCTP EcoRI B
* Polylinker restriction site of pUC18
(11) 
(ill) 
(iv)
Kpn I
I—».
00
EcoRI
C O
O Bgl I I
cn Kpn I
0 0
K>
OOCT
TO
F i g u r e  3 .2 4  P a r t ia l  n u c l e o t i d e  s e q u e n c e  o f  s u b c l o n e  3 6 K K 1
The nucleotide sequence of subclone 36KK1 is shown with the leftward
Kpnl site (Figure 3.8) equivalent to nucleotide 1. The sites shown are those
used in sequencing, 5'kpnl, EcoRI, Bglll and 3'KpnI and the sequence data
from each of these has been designated (i), (ii), (iii) and (iv) respectively
(Figure 3.23).
C l )
I CCTACCAATA g c a c t t a a g g  aa c g t t c a g c  at g t c t t a a t  tt t t c g a t a a
CCATGGTTAT CCTCAATTCC TTCCAAGTCC TACACAATTA AAAACCTATT
101 TTGAAATGAT TAGATCAACG a a t c a a t c t t  ca t t g t c t g t  cc t a t t t c a a
a a c t t t a c t a  a t c t a c t t g c  t t a g t t a c a a  c t a a c a c a c a  g g a t a a a g t t
2 0 1  CCAGGGGAGA CG
CCTCCCCTCT CC
( 1 1 )
4 5 1  AATTCAAAAC CTGAGT T TT'T AACACTGTAA TATTCCCTAG TTCATCTCTC
TTAACTTTTG CACTCAAAAA TTGTCACATT ATAAGCCATC AACTAGACAC
551 TTTATCTAAA ATAAGTCTTC CCACTTTCTT AATATTGCTA AAACGATGTA
AAATACATTT TATTCACAAC GCTGAAAGAA TTATAACCAT TTTGCTACAT
E co R  I
6 5 t TATCTTGATT CTATACATCT GAATCTCAAT AAATTATAG. • GAATTCCAT
ATAGAACTAA CATATCTACA CTTACACTTA t t t a a t a t c . . c t t a a g g t a
75 1  CCATTTAAAA CAAAGATAAA CTTGTCACCA TTTCTCAAAA ACGATTTCCT
CGTAAATTTT CTTTCTATTT CAACACTGGT AAACAGTTTT TCCTAAAGGA
8 5 1  GTCGATCATA TGCT T 1 T 1 CA ACAGTTATTT ATTTTATATA
CAGCTACTAT ACCAAAAAGT TCTCAATAAA TAAAATATAT
( 1 1 1 )
1 6 7 1 CCCCGAAGGC AGACCACAGG CAGTGAAGAA CTACCCTTGG CACATGCGCA 
OCCCCTTCCG TCTCGTCTCC CTCACTTCTT GATGCGAACC CTGTACGCGT
1 7 7  J c c t c a a t g t c  a g c g c g g c t t  c c c a c a c c t a  t c c a a c a c c g  CATTCTCACT 
CCACTTACAC TCCCCCCGAA GGGTCTGGAT AGCTTGTGCC GTAACAGTCA
1 8 7 1  CCGTCTGGCT CCTGAGGACC ACCCCCTGCT TCTGACTGAC CCCCCCCTGA 
CCCACACCGA GGACTCCTCG TCGCCCACGA AGACTGACTC CGGCGGGACT
1 9 7 1  ACCCCAGCCA TCTATCTGGC CATTCAGGCC CTGCTGTCCT TGTATGCATC 
TCGCGTCGGT ACATACACCG GTAAGTCCGC CACGACAGGA ACATACGTAG
( l v )
2 3 0 1  TATCCGGACA CACTCTTCAA TCCTTCCTTC CTCCGCACCG• ATTCCTGTGG 
ATACCCCTCT CTCAGAAGTT ACGAAGCAAC GACCCGTCCC TAAGGACACC
K p n  I
2 4 0 1  GCAAGGACCC CTATGCCAAT ACCGTGCTCT CTGGTGCTAC C 
CGTTCCTGCC CATACGGTTA TGCCACGACA CACCACCATC C
CTTTTCTCCT TA TTTTTCTT TTTCAGAGAC TACCTGATTA AAGTATCTCC 1 0 0
CAAAAGACCA ATAAAAAGAA AAACTCTCTC ATGCACTAAT TTCATACACG
TAAAATTTTC AGCATCCAAT TTCTGAGTGT TCTCTGTGTT TCTTAGTAAG 2 0 0
ATTTTAAAAG t c g t a c c t t a  a a g a c t c a c a  ac a g a c a c a a  AGAATCATTC
212
AGGTTTCAAC TTTTCTACTC CCATCTTCCA TTTTCTCTTC CAATTTTTTT 5 5 0
TCCAAACTTC AAAAGATCAC CCTAGAACCT AAAAGACAAG GTTAAAAAAA
CTCAGTACTC AATTATCCAA CTGCTATATA AATGATAAAA GTCTTA TTTT 6 5 0
CAGTCATCAG TTAATACGTT GACGATATAT TTA CTATTTT CACAATAAAA
CTTTTAAATC CTACGAATTT CTTCATGTCT CTCTCTTACC TCCAATAAAT 7 5 0
CAAAATTTAC CATCCTTAAA GAAGTACAGA GAGACAATGG ACCTTATTTA
ACACCAACTC ATTTGCTCAT GCCATCCTAT CCTATAGCTT G A TTTATTTT 8 5 0
TGTCGTTCAG TAAACCACTA CGGTAGGATA CCATATCCAA CTAAATAAAA
8 9 0
GATTATTTCT TTACCAATTA GAACACACGA TGTCAGCACC ATCTTGCAAC 1 7 7 0  
CTAATAAACA AATCGTTAAT CTTCTCTCCT ACAGTCGTGC TAGAACGTTG 
Br I  I I
AACTGCGACC ACATGG. . . A G ATCT  CACACCTTCT ACAATCAGCT 1 8 7 0
TTGACCCTGC T G T A C C .. .T  CTACA  GTGTGGAAGA TGTTACTCGA
ACAAAGCTAA AAGAGAGATC ATGATGCACA TAATGTTTGA AACCTTCAAT 1 9 7 0
TGTTTCGATT TTCTCTCTAC TACTACGTCT ATTACAAACT TTGGAAGTTA
TCGCCGCACC ACTCCCATTG TCATGGACTC TGCTCCC 2 0 5 7
ACCCGCGTGG TGACCCTAAC AGTACCTGAG ACCACGG
TATCCATGAG ACCACCTTCA ACTCCATCAT CAAGTCTGAT GTCGATATCC 2 4 0 0  
ATAGCTACTC TCGTCGAACT TGACCTAGTA CTTCACACTA CACCTATAGC
2 4 4 1
F i g u r e  3 .2 5  Comparison  o f  the nucleotide seq u en ce  from
subc lones  14KK1 and 36KK1
(«>
U K :
3 6 K :
U K ;  
36K  |
U K :
3 6 K :
U K :
3 6 K :
U K :
3 6 K :
U K :  
3 6 K :
U K :
36 K ;
U K ;
3 6 K :
( b )
U K :
3 6 K :
U K :
3 6 K :
U K ;
3 6 K :
U K :
3 6 K :
U K ;
3 6 K :
U K -  
3 6K ;
The regions o f 14K K 1 and 36K K 1 compared are :
( a )  R eg ions 5 ' to the actin  pseudogene
(b )  R eg io n s  w ith in  the ac tin  pseudogene  cod ing  seq u en ce
GGTACCAATAGCAGTTAAGGAACGTTCAACATGTCTTAATTTTTCAATAACTTTTCTCCTTATTTTTCTGTTTCAGAGACTACCTGATTAAAGTATGCCC 1 0 0
111111111111111111111 i 111111 M i l  m i  i I I I  n  I I  111111 n  11111111 i n n  11 I I I I I I I I I I I I I I I I I I I I I I I M I !  i i
GGTACCAATAGCAGTTAAGGAACGTTCAGCATGTCTTAATTTTTCGATAACTTTTCTCCTTATTTTTCTTTTrCAGAGAGTACCTGATTAAAGTATCTCC 1 0 0  
TTCAAATCATTAGATCAACCAATCAATCTTCATTGTCTATACTATTCCAATAAAATTTTCAGCATCCAATTTCTCAGTCTTGTCTGTCTTTCTTAGTAAC 2 0 0
i i  11111111111111111111111111111111111 i 11111 ; 1111111111111111111111111111111111111111111111111111
TTCAAATCATTAGATCAACGAATCAATCTTCATTCTCTCTCCTATTTCAATAAAATTTTCACCATCCAATTTCTGACTCrTGTCTGTCTTTCTTACTAAG 2 0 0  
CCACCCCAGACGTTTCAGACTTCGAATGTTCAAGGATACA.................... 1 8 4  b p . ..................TTAAAGGAAACTCGGTAGATGTATTGAGGGAATTGAAAAC 4 6 4
llllllllllll 1111111111
CGACCCGAGACG.. . ( u n s e q u e n c e d )  . . .AATTGAAAAC 4 6 0
CCC AGTTTTTA ACAC'CGTGATATTCCCCACTTCATCCCCCACCTTTC ACCTTTCCTTGTCCCATCTTCCATTTTCCGTTCCAATTTTTTTT— ACC-AAA 3 61
i m i n n m  ii iiiii iii m u  ii i i m m  m mi  11 mi ni  m m m i  n n n n n n i i  i i m
CTGAG7 IT  r TAACACTGTAATATTCCCTAGTTCATCTGTCAGGTTTGAACTTTrCTAGTCCCATCTTCCATTTTCTCTTCCAAl - n r i T r rTTATCTAAA 5 6 0  
ATAAGTGTrCCCACTTTCTTAATATTCCTGAAACGATCTAGTCAGTACTCAATTATCCAACTGCTGTATAAATGATGAATGTGTTGTTTTTAACTTGAGC 6 6 1
i i i i i i i i i i i i i i i i i i i i i i i i imi mi n i  1 111111;i ; 11111111111111111 i i mi mi  n mi l  m m  i i i i i
ATAAGTGTTCCCACTTTCTTAATATTGCTAAAACGATGTAGTCACl AGTCAATTATCCAACTCCTATATAAATCATAAAAGTCTTATTTTTATCTTGATT 6 6 0  
CT AT ACATCTGG ATGTCC AT A A ATT AT ACTTG AATTCCATCTI'T rAAATGCTAGCAATTTCTTCCATGTCTCTCTCTTACCTGCAATAAATGCATTTAAA 7 61
l l l l l l l l l l l  I I I I I  l l l l l l l l l l l  1111111111111111111111I I 111111111 11111111111 11111111 I I M  11 I I 11 11 M 11
CT AT AG ATCTG A ATGTGAATA A ATTATAC .  .  GAATTCCATCTTTTA A. iTGCTAGCA ATTTCTTC-ATCTCTCTCTCTTACCTCCA ATAAATCCATTTAAA 7 5 9  
AGAAAGATAAAGTTCTGACCATTTGTCAAAAAGGATTTCCTACACCA IGTCATTTGCTGATGCCATCCTATGGTATAGGTTGATTTATTTTGCTGATGAT 8 6 1
I I I  I I I  I I I  I I I  11 I I I  I I I  I I I  I I I  I I I  I I I  I I I I  I I I  11 I I I < i i l l  I I I  I I I  I I I  I I I  I I I  I I I  I I I  I I I  I I I  11 I I I  I I I  I I I  I I I  I I I I  I I I
ACAAACATAAACTTGTGACCATTTCTCAAAAAGGATTTCCTACACCAAGTCATTTCCTGATCCCATCCTATCGTATAGCTTCATTTATTTTGTCGATCAT 8 5 9  
A TCCTTTTCTT AAG ATTT ATTTATTTT AT ATG ACT ACACTCTCT A AGTCCTACT AAGACCCTATT ATGG ATCGTGTGTA AGCCA ACATCTGGTTCCTTGT 9  61
m u m  i mi  m i n i m u m
ATGCTTTT TCAAGAGTTATTTATTTTATATA.. . ( u n s e q u e n c e d )  8 9 0
ACGTGGCTGACCAGGCCCACACCAACAGGGGTATACTGACCCTGAAGTACCCTATCGAACACGGCATTCTCACTAACTGGGACAACATGGAGAACATCTG 1 3 4 8
n n n n n n n n n n n n n n n n i  m m  m m
( s e q u e n c e  d i v e r g e s  f r o m  1 4 K ) . .  .CCTATCCAACACGGCATTCTCACTAACTGCGACGACATGG.. . A GA TCT. 1 8 4 6  
CCACCACACCTTCTACAATCACCTCCATCTCGCTCCTGAGGACC-CCCCGT-ACTCTGACTGACCCCCCCTTAAACCCCAAACCTAACAGAGAGATGATC 1 4 4 6
n11111111111111111111 m i m i i m i m i  ni l  n n n n n n n n n n  i m n n n n  m n i i i n n
.  . . .CACACCTTCTACAATCACCTGCGTCTCGCTCCTCACGACCACCCCCTGCTTCTCACTGAGCCCCCCCTGAAC AAAGCT A AAAG AG AG ATG ATG 1 9 4 3
ACGCAGATAATATTCGAGATCCTCAATACCCCAGCCATCTACCTCGCCATTCACGCGCTGCTGTCCTTGTATCCATCTCGGGACACCACTGACATTGTCA
i n i i n i n  11 11 i i m n n n n m n m  i i n n n n m i n n n i i n n i m m i i m i  n n n n  n n n n
ATGCAGATAATGTTTGAAACCTTCAATACCCCAGCCATGTATGTGGCCATTCAGGCGGTGCTGTCCTTGTATCCATCTGGGCGCACCACTGGCATTGTCA 
TGAACTCTGGTCACGCCCTCACACACACACTCCCCATCTA................... 2 5 0 ..b p .....................ATTCGCAACCACCCGTTCCGGTCTCCCGAGGCACTCTTCC
11 I I  I I I  I I I I  I I I I I  I I I  I I I I I I I I I
TGG ACTCTCCTG CC.. . ( u n s e q u e n c e d )  . . . TATCCCGAGACACTCTTCA
ACCCTTCCTTCCTAGGCATAGACTCCTCTCCTATCCATCACACCACCTTCAACTCCATCATGAAGTGTCATGTCGATATCCCCAAACACCTGTATGCCAA
i m i n i m i  n n  n n n n n n n n n n n n m n n n n n n n n n n n n n n n n n n i  n n  n n n n i
ATCCTTCCTTCCTCGGCACCGATTCCTGTCGTATCCATCAGACCACCTTCAACTCCATCATCAAGTGTCATCTCGATATCCGCAACGACCGGTATGCCAA
a a c a c t c c t c t c t a c c c c t a c c  
I I  I I I I I I I I I  I I I I I I I  
TACCCTCCTGTCTCGTCCTACC
1*2. A n s i  vs is  o f  the  fo l d b a c k  s t r u c t u r e  in A,m A 1 4
The second part of this work was centred on the foldback structure in 
XmA14, the main thrust being nucleotide sequence determination. As it had
been established above, that XmA14 and XmA36 had similar overall structures 
over much of the foldback region, it was decided to concentrate on a single
clone, and the larger and more complete clone, tan A 14, was chosen.
3 .2 .1  L ocation  of the inverted  re p e a t DNA of the stem
Before structural analysis could be undertaken it was necessary to
locate within th e . restriction map of XmA14 the inverted repeat DNA of the 
stem visualised by the electron m icroscopy. From electron m icrographic
measurements the left-hand arm of the foldback structure in A,mA14 was 
estim ated to occur w ithin 50 nucleotides o f the 3' non-coding actin-like 
region and would therefore be expected to be contained within the subclone 
14HH1, as shown in Figure 3.26. The subclone 14HH1A was partially sequenced 
to the left of the SstI site as indicated in Figure 3.32, gel runs 1 and 13. The 
SstI site was predicted on the basis of the electron m icrographs and 
restriction mapping to occur beyond the end of the 3' non-coding actin 
pseudogene and possibly within the left-hand arm DNA of the foldback. In 
Figure 3.27 the sequence from the left of the SstI site was compared with the
3’ non-coding end of the actin processed pseudogene in XmA19 (Leader et
a / . ,1985). It can be seen that the homology to the y-actin pseudogene begins 
130bp to the left of the SstI site. Therefore on the basis of the measurements 
mentioned above it was assumed that the SstI site fell just within the DNA of
1 3 7
F i g u r e  3 .26  L o c a t i o n  o f  D N A  prob es  der ived  f r o m  s u h c l o n e  1 4 H H 1 B
used to analyse the fo ldback  s tru c tu re  w ith in  X m A 1 4
The figure indicates the origin of the three DNA probes (i), (ii) and
(iii) used to hybridise to digested ^mA14 and the DNA probe (iv) used to
hybridise to digested mouse DNA :
(i) Sstl-AccI 400bp fragment
(ii) AccI l.Okb fragment
(iii) Accl-Hindlll 900bp fragment
(iv) Sstl-Avall 820bp fragment
14HH1
200bp
DNA probes
F i g u r e  3 .2 7  C o m p a r i s o n  o f  th e  1 4 H H 1 A  n u c l e o t i d e  s e q u e n c e  w i th
the 3 ,end o f  the act in  pseudopene  in A.m A 1 9
The nucleotide sequence from the SstI site within 14HH1A (Figure 3.32, 
sequence runs 1 and 13) is compared with the nucleotide sequence from the
3' non-coding end of the actin processed pseudogene in >.mA19 (Leader et al., 
1985).
\ n A K :  TTTGCATCCACACCTGTAAATCTATTCATTCT-CTAATTTATCTAACCr i T TT r CTACTCAATTCTTTAACAAATCACAAATTTCCCTTCCCCTCCCACCACCACC
I I  l l l l l l l l l l l l  I I  l l l l l l l  I I  I I I  I I  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  I I  I I  I
>. «A 19 : TTTGAATCGACACCTGTAAATGTATCCATCCT T IT  AATTTATGTAAGG1 1 1 1 1 1 GTACT C A ATTCTTT A AG A A ATG ACAAATTTTGC 1 1 TTCTACTGTTCAATG AG
S * t  I
>.mA I 4 : CACCTACCTACGGCCCAGACTCCGCTCACACCCCCCACCTACCCACAACACCCCCCACCCGATCTTAAGACTTCTCAACATACGGATCTCCCCCCTCCCGGAGCTC
I I I  I I I I  . 1 1  I I I  I I I  I I I  I
»A 19 : g a c c a t t a g g c c c c a g c a a c a c g a c a t t g t g t a a a g a a a t t a a a g t g c t c c a g t a a c t g a c a a a a a a a a a a a a a a a a a a g a a c c g g c a a a g t c t c c a c a c t t t g c t
1 3 9
the left-hand arm of the foldback. It should be pointed out that the end of the 
actin-like sequence described was lOObp from the presumed 3’ end of the 
corresponding actin mRNA, as judged by comparison with the position of the
3' poly A tail of XmA19. The question of the apparent truncation of the actin
pseudogene in A,mA14, is addressed in section 3.2.6.
The DNA to the right of the SstI site contained within the subclone
14HH1B was therefore used to locate the DNA of the right-hand arm of the
fo ldback  by hybrid ising  against d igested tanA14. Part of the a^  r e g io n
(760bp) of XmA14 was predicted to occur within a 400bp Sstl-AccI fragment 
within the subclone 14HH1B, shown in Figure 3.26. This restriction fragment
was used to locate the DNA complementary to a^  within XmA 14, that is the
right-hand arm of the foldback designated a ^ ,  in Figure 1.8. Figure 3.28
shows the ^ P - la b e lle d  Sstl-A ccI restriction fragm ent hybridised against the
subclones of A.mA14 (14HH1, 14HH2, 14HH3 and 14HH4) digested with Hindlll,
and ^mA14 digested with various restriction enzymes. The Sstl-AccI probe did
not hybridise to the XmA14 H indlll subclones, 14HH2, 14HH3 and 14HH4.
However the Sstl-AccI fragment did hybridise to restriction fragments which
occurred beyond the region of the ?imA14 H indlll subclones, for example, a
6.5kb H indlll and 1.9kb Smal restriction fragment. The 1.9kb Smal restriction
fragm ent occurred more than ll.O kb to the right of the location o f the
Sstl-A ccI fragm ent (aL region). The electron m icrograph m easurem ents had 
predicted  the right-hand arm of the fo ldback com plem entary to a^  
(designated a ^  in Figure 1.8) would occur approximately ll.Okb from a ^ , and 
therefore was consistent with the assignment of a ^  to this Smal fragment
F ig u re  3.28 A nalysis of A,mA14 fo ld b ack  s t ru c tu re  bv h y b r id isa tio n  
of S s tl-A cc I f ra g m e n t fro m  su h c lo n e  14H H 1B . a g a in s t
digested ^ m A 1 4
The ^ ^ P -lab e lled  Sstl-A ccI restric tion  fragm ent from  the subclone
14HH1B (Figure 3.26) was hybridised against XmA14 H in d lll subclones
digested with H in d lll and XmA14 d igested  w ith  various re s tr ic tio n
endonucleases. The length of the fragment(s) which hybridise to the DNA
probe are indicated below :
L a n e  DNA Restriction
enzyme
fragment(s)
kb
1
2
3
4
5
6
7
8
9
10 
11 
12
14HH1 
14HH2 
14HH3 
14HH4 
tan A 14
^ cI857 
pmS4 
14HH1B 
tan A 14 
tan A 14 
tan A 14 
tan A 14
H in d ll l
H in d ll l
H in d ll l
H in d ll l
Hindlll
H in d ll l
TaqI
Smal
SstI
PvuII
K p n l
3.0
3.0 and 6.5
1.9 and 16.5 
3.2
1.2, 3.0 and 4.5 
15.3
1 2  3 4 5 6  7 8 9  1011 12
(a)
( b )
141
which was therefore subcloned as 14SS1 (Figure 3.14).
H ybridisation was then perform ed using a l.Okb AccI restric tion 
fragment from 14HH1B, shown in Figure 3.26. If the upper left-hand arm of
the foldback, designated b ^ , in Figure 1.8, were located directly adjacent to a^
as shown in Figure 1.8 (a), this restriction fragm ent would also contrain
540bp of bj^ DNA and be expected to hybridise to a region corresponding to b ^
in addition to hybridising to a ^ .  If the AccI fragment only contained the a^
region it would only hybridise to a ^ . Figure 3.29 shows the ^ P - la b e lle d  AccI
restric tion  fragm ent was hybrid ised against >,mA14 H in d lll  subclones
digested with H indlll and ^mA14 digested with various restriction enzymes. 
The AccI restric tion fragm ent hybridised to the subclone 14HH4 (2.3kb
H indlll fragment) which occurred 5.2kb to the right. The AccI fragment also 
hybridised to the same restric tion  fragm ents observed for the Sstl-A ccI 
re s tric tio n  fragm ent, those which occurred  beyond the 14HH4. This
confirmed that the AccI restriction fragment contained part of the a^  and b^
regions. The SstI-AccI fragment which had contained only part of the a^
region had not hybridised to the subclone 14HH4 (2.3kb H indlll fragment). 
Therefore the 2.3kb H ind lll restric tion  fragm ent must contain  the DNA
com plem entary  to bj^, (designated b ^ , Figure 1.8). In one of the two
alternative interpretations of the electron m icrograph m easurem ents, Figure
1.8(a), bj^ was positioned 5.2kb to the right of bj^, consistent with it being
contained in the 2.3kb H indlll fragment that had been subcloned into 14HH4 
(Figure 3.13). The alternative arrangem ent shown in Figure 1.8(b) would
have had both bj^ and b ^  at different positions. The arrangement of A.mA14
1 4 2
F ig u re  3.29 A nalysis of ^m A 14 fo ld b a c k  s t r u c tu r e  bv  h y b r id isa tio n  
o f  A ccI f r a g m e n t  f r p m su b c lo n e  14H H 1B , a g a in s t
digested X,mA14
The ^ P - la b e lle d  AccI restriction fragment from the subclone 14HH1B
(Figure 3.26) was hybridised against A,mA14 H ind lll subclones digested with
H indlll and ?imA14 digested with various restriction endonucleases. The length 
of the fragment(s) which hybridise to the DNA probe are indicated below :
Lane DNA R estriction enzyme H ybridised fragm ent(s) 
(kb)
1
2
3
4
5
6
7
8
9
10 
11 
12
14HH1
14HH2
14HH3
14HH4
XmA14
^cI857
pmS4
14HH1B
A,mA14
?imA14
?cmA14
XmA14
H in d ll l
H in d ll l
H in d ll l
H in d ll l
Hindlll
H in d ll l
TaqI
Smal
SstI
PvuII
Kpnl
3.0
2.3
2.3, 3.0 and 6.5
1.9 and 16.5 
3.2, 7.5 and 14.5
15.3
1 2 3 4 5  6 7 8 9  10 11 12
(a)
(b)
*
0.80
0.38
shown in Figure 1.8(a) was therefore concluded to be correct. ^
The 900bp A ccl-H indlll restriction fragm ent from 14HH1 (shown in 
Figure 3.26) was predicted from the electron micrograph measurements to
contain the DNA of the main loop in XmA14 and no repetitive stem DNA.
o 9
Figure 3.30 shows the J ^ P -la b e lle d  A c c l-H in d lll  re s tr ic tio n  fragm en t
hybridised against ^mA14 H indlll subclones digested with H indlll, and >.mA14 
digested  with various restirc tion  enzym e. The A cc l-H in d lll restric tio n  
fragment only hybridised to subclone 14HH1, (from which it was derived)
and to single restriction fragment of digested XmA14. The results confirm ed
that b ^  was totally contained in the AccI fragment of 14HH1, and did not
extend into the A ccl-H indlll fragment.
Figure 3.31 summaries the relationship o f the electron m icrograph
stem sections to the restriction map of XmA14, the subclones containing these 
stem section being indicated.
3 .2 .2  S equencing  the  subclones co n ta in in g  the  stem  DNA
The subclones containing the stem DNA of the foldback structure in
^mA14 were sequenced in whole or in part.
Figure 3.32 outlines the details of the partial sequencing of the
subclone 14HH1, which contains the left-hand arm of the stem (a^  and b ^
regions). This sequence was designated LH and is shown in Figure 3.33.
Figure 3.34 outlines the details of the sequencing of the subclone
14SS1, which contains the lower right-hand arm of the stem ( a ^ ) .  This
sequence was designated RH1 and is shown in Figure 3.35.
Figure 3.36 outlines the details for the partial sequencing of the
F i g u r e  3.30 Analys is  of  X,mA14 f o l d b a c k  s t r u c t u r e  h v  h y b r i d i s a t i o n  
o f  A c c l - H i n d l l l  f r a g m e n t  f r o m  s u h c l o n e  1 4 H H 1 B .
a g a in s t  d iges ted  X,mA14
The ^^P-labelled A ccl-H indlll restriction fragment from the subclone 14HH1B
(Figure 3.26) was hybridised against A.mA 14 H indlll subclones digested with
H indlll and \m A  14 digested with various restriction endonucleases. The length 
of the fragment(s) which hybridise to the DNA probe are indicated below :
Lane DNA R estriction enzyme H ybridised fragm ent(s) 
(kb)
1
2
3
4
5
6
7
8
9
10 
11 
12
14HH1
14HH2
14HH3
14HH4
tanA14
XcI857
pmS4
14HH1B
tanA14
?imA14
tanA14
AmA14
H in d ll l
H in d ll l
H in d ll l
H in d ll l
Hindlll
H in d ll l
TaqI
Smal
SstI
PvuII
K p n l
3.0
3.0
16.5 
3.2
3.5 
15.3
1 2 3 4 5 6 7 8 9 10 11 12
(a)
(b)
F i g u r e  3 .3 1  R e l a t i o n s h i p  o f  e l e c t r o n  m i c r o s c o p i c  s t e m  s e c t i o n s  to
X,m A14
The diagram shows the various stem sections identified  from  the
electron micrographs, positioned in the various subclones of A,mA14 on the 
basis of the hybridisation results of Figures 3.28 to 3.30.
Kpn I
Kpn I 
Hind I I I
Sst I — 
Hind I I I
Hind I I I  
Hind I I I
Bgl I I  - -  
Hind I I I
Sma I
Sma I 
Sma I
1 4 6
F i g u r e  3 .3 2  S t r a t e g y  f o r  s e q u e n c i n g  s u b c l o n e  1 4 H H 1
Only those sites used for labelling following prim ary restriction are 
shown. The details of this figure are as described for Figure 3.21. The arrows 
are numbered to serve as a reference for the table below, outlining the details 
of the sequencing.
Sequence
run
Labelled
restriction
site
R adionucleotide
used
R estriction  
enzyme 
second cut
S trand  
sequenced 
A or B
1 EcoRI* (SstI) a 32P-dATP H in d ll l A
2 EcoRI* (SstI) y^P-A T P H in d ll l A
3 H pall (a) y^ p -a t p A v a il A
4 AccI (a) y^P-A T P H p a ll A
5 A vail (a) ot32P-dCTP EcoRI A
6 H pall (b) oc32P-dCTP AccI A
7 H pall (b) y^P-A T P H in d ll l A
8 AccI (b) y^P-A T P H in d ll l A
9 TaqI a 32P-dCTP EcoRI A
10 TaqI y^P-A T P H in d ll l A
11 A vail (b) y^P-A T P H in d ll l A
12 H in d ll l a 32P-dCTP EcoRI A
13 EcoRI* (SstI) T^P-A TP H in d ll l B
14 EcoRI* (SstI) a 32P-dATP H in d ll l B
15 H pall (a) y32p .ATP EcoRI B
16 AccI (a) y^P-A T P EcoRI B
17 A vail (a) y^P-A T P EcoRI B
18 H pall (b) T^P-A TP A ccI B
19 H pall .■■(b) a 32P-dCTP H in d ll l B
20 AccI (b) y^P-A T P A v ail B
21 TaqI y^P-A T P EcoRI B
22 TaqI a 32P-dCTP H in d ll l B
23 A vail (b) y^P-A T P A ccI B
* Polylinker restriction site of pUC18
Hind I I I
Ava I
>
Sst I— — — -] 
Hpa I I (a )
Acc 1(a)
Ava 11 (a )
Hpa 11 (b)
Acc Kb) 
Taq I
Ava I Kb)
>
Hind I I I
1 4 7
F i g u r e  3 .3 3  P a r t ia l  n u c l e o t i d e  s e q u e n c e  o f  s u b c l o n e  1 4 H H 1
The nucleotide sequence is numbered from the first base that diverged 
from the 3' non-coding actin DNA, and is designated LH in the text as it 
contains the left-hand portion of the foldback stem (Figure 3.31).
A v a I I
l CCCTTCCCCT CCGAGCAGCA CCGAGGTAGC TAGGGCCCAG AGTCGCCTGA
CGGAAGCCCA GCCTCCTCGT CGCTCCATCG ATCCCCCGTC TCAGCCGACT
S a t  I
101 o a t a c g g a t c  t c c c c g g t g c  c g g a c c t c t t  t g c c t g a g a a  t c a c c a c c a g
c t a t c c c t a g  a c g c c c c a c c  c c c t c g a g a a  a c g g a c t c t t  a g t c g t c g t c
P v u  I I
2 0 1  ATACCAGCTG c c t a a a g g c a  a a c g t a a g a a  t c c t a c t a a c  a g a a a t c a a g
TATCCTCGAC c g a t t t c c g t  t t c c a t t c t t  a g c a t c a t t c  t c t t t a g t t c
Hp a  I X
3 0 1  CCACCCCAAC ACAACCCAAA ACTCAAGAAC CCGGAATTAA AGCATATCTC
CCTCGGGTTG TCTTCGCTTT TCACTTCTTC CGCCTTAATT TCCTATAGAG
4 0 1  AATACAGGAG AACACTCCTA ACGAGTTACA ACTTCTTAAA GAAAAACAGG
TTATGTCCTC TTCTCACGAT TCCTCAATGT TCAAGAATTT C T T I'l'lG T C C
301  t c c a a a c a g c  TGATGGAAAT g a a c a a a a c c  a t a c t a g a c c  TAAAAAGCCA
ACGTTTCTCC ACTACCTTTA CTTCTTTTCG TATGATCTGG ATTTTTCCCT
60 1  ACCCTACGAA ACAAATCTCC AACCATACAT CCGAGCATCA GGAACACAAT
TGCGATCCTT TCTTTAGACC, TTGGTATCTA CGCTCCTAGT CCTTCTCTTA
70 1  TCCGCACAAC AATCAAACAA AATACAAAAT GCAGAAGCAG CCTAACTCAA
AGCCGTCTTG TTAGTTTCTT TTATGTTTTA CCTCTTCCTC GGATTCAGTT
SO I ACGAGTTCAT CAGAATCAAC ATTTTCAACT TAAACGCCCA CCAAAT AT AT
TCCTCAACTA CTCTTACTTC TAAAAGTTCA ATTTCCCGGT CGTTTATATA
A v a  I I
9 0 1  ATGAATATAC AGGAAGCCTA CAGAACTCCA AATAGACTGG ACCAGAAAAG
TACTTATATC TCCTTCGCAT CTCTTCAGCT TTATCTGACC TCGTCTTTTC
1 0 0 1  GAATAGATAT AATAGATACA ATATTAAAAG CACTAAGGGA GAAAACTCAA
CTTATCTATA TTATCTATCT TATAATTTTC CTCATTCCCT CTTTTCAGTT
1 1 0 1  GACAATCAAA GCCACAACAC CCTCGACAGA TCTTATACAC ACACTAAGAG
CTGTTACTTT CGCTCTTCTC GCACCTGTCT ACAATATGTC TGTCATTCTC
1 2 0 1  ATCGAGAAAC CAAACTATTC CACGACAAAA CCAAATTTAC ACATTATCTT
TACCTCTTTG CTTTCATAAC CTCCTCTTTT CCTTTAAATC TGTAATAGAA
1 3 0 1  ACAAACAAAC AAACAAAAAA ACAATACAAG GACGAAAATC ACTCCCTAGA
T0TTTG TTTG T TTC TTTTTT TCTTATGTTC CTGCTTTTAG TGAGGGATCT
1 4 0 1  CACAATGCCA a c t c t a a t a a  CAAAAATAAA AGGAACCAAC ATTTACTTTT
CTCTTACGCT TCACATTATT GTTTTTATTT TCCTTCCTTG TAAATGAAAA
A e c  I  A v a  I I
ISO  I AGACTAACAG AACTGTAGAC ACAAACAGGA CCCAACATTC TGCTGCTTAC
TCTCATTCTC TTCACATCTC TCTTTCTCCT CGCTTGTAAC ACGACCAATC
16 0 1  CTGGAAAACA ATTTTCCAAG CAAATGGTCT CAAGAAACAG GCTGGAGTAG
GACCTTTTGT TAAAAGCTTC CTTTACCAGA CTTCTTTGTC CGACCTCATC
17 0 1  GGAAAATAGC CACACTTCAT ATTCATCAAA CTTAAAATCC TCCAAGAGCA
CCTTTTATCC CTCTGAAGTA TAAGTAGTTT CAATTTTAGG AGGTTCTCCT
1 8 0 1  TTAAAGACAC ATTACTAAAC TTCAAAGCAC ACATTGTACC JCACACAATA
AATTTCTCTC TAATCATTTC AAGTTTCGTG TGTAACATGG AGTCTGTTAT
1 9 0 1  ACAGAAACTA AACAGCGACA CAATCAACCT AACACAACTT ATCAAACAAA
TGTCTTTGAT TTGTCCCTGT GTTACTTGGA TTGTCTTCAA TACTTTCTTT
A v a  I I
2 0 0 1  ACCTTCTTCT CACCACCGTC CAAAATTGAC CAT AT AATTG TTCACAAAAC
TGGAAGAACA CTCGTGCCAC CTTTTAACTC CTATATTAAC AACTGTTTTG
2 1 0 1  ACCACCATGG ACTAACGCTC ATCTTCAATA ACAACATAAA TAATGGAAAG
TCCTGGTACC TGATTCCCAC TAGAAGTTAT TCTTCTATTT ATTACCTTTC
2 2 0 1  CAACGAAGTA ATAAAGAAAC AAATTAAAGA CTTTTTAGAC TTTAATGAAA
GTTCCTTCAT TATTTCTTTC TTTAATTTCT GAAAAATCTC AAATTACTTT
Hi n d  I I I
2 3 0 1  CTTCCTGGGG C C . . AACCTT 2 3 2 0  
CAACCACCCC G C ..T T C G A A
CACCCCCCAG CTACCCACAA CACCCCCCAC CCCATCTTAA CACTTCTGAA 1 0 0
GTCGGCCGTC GATGGGTCTT CTGGCCCCTG CCCTAGAATT CTGAACACTT
ACATCTTGCT TCCAGGACTC CACCCAGTCT ATCCTGCACA CCTCCAGAGA 2 0 0
TCTAGAACCA AGGTCCTCAG CTGGCTCACA TAGGACCTCT CGAGCTCTCT
ACCAATCACC ATCACCAGGA CCCAGCACTC CCAACCCCAC CT AGTCCTGT 3 0 0
TGGTT ACTGC TAGTGCTCCT GCCTCCTCAG GCTTGCCGTG GATCAGGACA
ATTATGATCC TAGAGGACAT CAAGAACGAC TTTAATAACT CACTTAAAGA 4 0 0
TAATACTACC ATCTCCTCTA GTTCTTCCTG a a a t t a t t g a GTGAATTTCT
AAAACACAAC CAAACAGGTA GAAGTCCTTA AAGAAAAACA CGAAAACACA 5 0 0
TTTTCTGTTC GTTTGTCCAT CTTCAGCAAT TTCTTTTTG T CCTTTTCTGT
A c c  I
ACTACACATC AATAAAGAAA ACCCAAAGTG ACGCAACCCT CCAGTTACAA 6 0 0
TCATCTGTAG TTATTTCTTT TGGCTTTCAC TCCGTTGCGA CCTCAATCTT
ACAAGAGATG c a a c a g a g a a TCTCACCTGC AGAAGATTCC ATAGAGAACA 7 0 0
TGTTCTCTAC CTTCTCTCTT AGAGTCCACG TCTTCTAAGG TATCTCTTCT
AACATTCACC AAATACACCA CACAATGAGA AGACCAAACC TACAGATAAC 8 0 0
TTCTAAGTCC TTTATGTCCT CTGTTACTCT TCTGGTTTGC ATGTCTATTG
TCAACAAAAT TATAGAACAA AACTTCCCAA ACCTAAACAA AGAAATCCCC 9 0 0
AGTTCTTTT A AT ATCTTCTT TTGAAGGGTT TGGATTTCTT TCTTTACGGG
AAATTCCTCC TGACACATAA TAATCAGAAC AACAAATGCA CTAATAGATA 1 0 0 0
TTTAACGACG ACTCTCTATT ATT ACTCTTG TTGTTTACGT CATTATCTAT
GTAACATATA AACGCAGACC TACCAGAATT ACACCAGACT TTTCACCAGA 1 1 0 0
CATTGTATAT TTCCGTCTCC ATCCTCTTAA TGTGCTCTCA AAACTGCTCT
H p a I I
AACACAAATC CCACCCTACG CTACTATGCC CAAACTCTCA ATTACCATAG 1 2 0 0
TTGTGTTTAC CGTCCCATCC GATGATACCG GTTTGAGACT TAATGGTATC
TCCACGAATC CAGCCCTTCA AAGCATAATA ACAGAAAAAC AAACAAACAA 1 3 0 0
AGCTCCTTAC GTCGCCAAGT TTCCTATTAT TGTCTTTTTC T TTC TTTG T T
AAAACCAAGA AAGTAATCCC TCAACAAACC AAAAGAAGAC AGCCACAGAA 1 4 0 0
TTTTCCTTCT TTCATTAGGG AGTTCTTTGG TTTTCTTCTG TCGGTGTCTT
CCTTAATATC TCTTAATATC AATGGACTCA ATTCCCCAAT AAAAAGACAT 1 5 0 0
CGAATTATAC AGAATTATAG TTACCTGAGT TAAGCGCTTA TTTTTCTGTA
AGGAAACCCA TCTCAGCGAA AAAGACAGAA ACTTACCTCA GCGTGAAAGG 1 6 0 0
TCCTTTGGCT ACACTCCCTT TTTCTGTCTT TGAATGCACT CCCACTTTCC
T a g  I
CCATTCTAAT ATCGAATAAA ATTGACTTCC AACCCAAAGT CATCAAAAAA 1 7 0 0
GCTAAGATTA TAGCTTATTT TAACTGAACG TTGGGTTTCA G TA GTTTTTT
ACTCACAATT CTCAATATCT ATCCTCCAAA TGCAAGGGCA CTCACATTCA 1 8 0 0
TGAGTGTTAA GACTTATAGA TACGAGCTTT ACGTTCCCGT CAGTGTAAGT
ATAGTGGGAG ACTTCAACAC ACCACTTTCA TCAATGCACA GATCCTGGAA 1 9 0 0
TATCACCCTC TGAAGTTCTG TGGTGAAAGT AGTTACCTCT CTAGCACCTT
TCCACTTAAC AGATATCTAC AGAACATTTT ATCCTTAAAC AAAAGCTTTT 2 0 0 0
ACCTGAATTG TCTATAGATG TCTTGTAAAA TAGGAATTTG TTTTCCAAAA
AGCCCTCAAC AGATACAAAA ATACTGAAAT CGTCCCATCC ATCCTATTAG 2 1 0 0
TCCCGACTTG TCTATCTTTT TATCACTTTA CCACCCTACG TAGGATAATC
CCAACATTCA CCTGCAAACT GAACAACACT CTTCTCAATC a a a c c t t c g t 2 2 0 0
CCTTCTAACT CCACCTTTCA CTTGTTGTCA GAAGACTTAC TTTCGAACCA
ATGAAGCAGA TCCTGGCGAC GATGTGGAGA AAGACGAACA CTCCTCCATT 2 3 0 0
TACTTCCTCT ACCACCCCTC CTACACCTCT TTCTCCTTCT GAGGACCTAA
F i g u r e  3 .3 4  S t r a t e g y  fo r  s e q u e n c i n g  s u b c l o n e  1 4 S S 1
Only those sites used for labelling following prim ary restriction are 
shown. The details of this figure are as described for Figure 3.21. The arrows 
are numbered to serve as a reference for the table below, outlining the details 
of the sequencing.
Sequence.
run
Labelled
restriction
site
R adionucleotide
used
R estriction  
enzyme 
second cut
S trand  
sequenced 
A or B
1 Aval y^P-A T P Xbal A
2 Xbal oc32P-dCTP A val A
3 A ccI t^ p -a t p B g lll A
4 H indlll* (PstI (b)) cx32P-dCTP A val A
5 H indlll* (PstI (b)) y^P-A T P EcoRI A
6 H indlll* (PstI ’(c)). y^P-A T P B g lll A
7 B g lll a 32P-dCTP A val A
8 EcoRI* (3'SmaI) a 32P-dATP PstI A
9 H indlll*  (5’SmaI) a 32P-dCTP Xbal B
10 H indlll* (PstI (a)) cc32P-dCTP Xbal B
11 A val a 32P-dCTP PstI B
12 Xbal t^ p -a t p A val B
13 Xbal a 32P-dCTP P stI B
14 A ccI y^P-A T P A val B
15 EcoRI* (PstI (b)) y^P-A T P Xbal B
16 H indlll*  (PstI (b)) a32P-dCTP EcoRI B
17 A vail (b) t^ p -a t p Xbal B
18 H indlll* (PstI (c)) y^P-A T P EcoRI B
19 A vail (c) a 32P-dCTP B g lll B
20 B g lll y^P-A T P Xbal B
21 B g lll a32P-dCTP EcoRI B
* Polylinker restriction site of pUC18
Sma I
Pst 1(a)-  
Ava I
Ava I I  (a)
Bam HI
Pst 1 (b )-  
Ava I Kb)
Ava I I  (c) 
Pst 1 (c ) -
>  CD
Bgl I I  
Sma I
CD OO
CTTD
IS
St
l
1 4 9
F i g u r e  3 .3 5  N u c l e o t i d e  s e q u e n c e  o f  s u h c l o n e  14SS1
The nucleotide sequence was designated RH1 in the text as it contains a
portion of the right-hand arm of the stem of the foldback structure in XmA1 4
(Figure 3.31). To assist subsequent comparison, this sequence is numbered in
reverse, nucleotide 1 is the first base at
Sma I
I CCCCCCCCTA AACAAACAAC ACATATGTGT CTACGCCTAT TCCTGAACAT 
GGCCCCCCAT TTCTTTCTTC TCTATACACA CATCCGGATA AGCACTTGTA
B g l I I
101 AAGAAGTCAG GGGCCCTAGG t c t a t c c c a g  a t c t t t g t t t  ca a t c c t a g c
t t c t t c a c t c  c c c c c c a t c c  a g a t a g g g t c  t a c a a a c a a a  c t t a g g a t c c
2 0 1  c c c t a g g c a a  a g c a a g a a g t  g a a a g t c c c t  a g c t c t a t a c  ct g a c t t t t g
CCCATCCGTT TCGTTCTTCA CTTTCACGGA TCCACATATG CACTGAAAAC
3 0 1  CATCACTTGA AGAGGCCTTC CCAATAAGCA ACAAATTTAA AGATGCCTAC
CTACTGAACT t c t c c c g a a c  c c t t a t t c c t  t c t t t a a a t t  t c t a c g g a t c
AO I CCTGCCTACC CCTAAACAAA GAAGTCCCCT TCTGCTCGGC ACCAGCa CAC
c g a c c g a t c c  g g a t t t c t t t  c t t c a c g g g a  a g a c c a g c c g . t g g t c g t g t c
JO I TCTCCATCCG ATCTTAACAC CTCTGGTCAG TCCAACACAA CTTCTGCTCC
a g a g g t a c c c  t a g a a t t c t c  GAGACCACTC a c c t t g t c t t  g a a g a c g a c g
6 0 1  TCCCCTCACA CCTCACAACT CCTTTCTCCT ACCCACCACC ACAGGGCACA
ACCCGACTGT CCAGTGTTCA CCAAAGACCA TCCGTGGTCG TGTCCCGTCT
A v a 11
7 0 1  AGGATCTTGC GACCTCTCCG CACTGCAACA CAACTTCTGC CACCACGCAG
TCCTAGAACC CTCGACACCC CTCACCTTCT CTTGAAGACC GTCCTCCGTC
P a t  I
8 0 1  TCCAGACAGT ACTCTGACCA CTCAAACTCA CGAGAAGCTA CTCTCCAGCT
ACCTCTCTCA TCACACTCCT CACTTTCACT CCTCTTCGAT CAGACGTCCA
9 0 1  ACAACTATAA CAACTAACTC CAGAGATTAC CAGATGGCTA AAGCCAAACG
TCTTCATATT CTrCATTGAC CTCTCTAATC CTCTACCCAT TTCCCTTTGC
1 0 0 1  CCATTCCCAC CCCACCCAGT CTTGCCCACC CCAACACACT TGAAAAACAT
CGTAAGCCTC CGGTGCCTCA GAACCCCTCG GCTTCTCTGA ACTTTTTCTA
1 1 0 1  CTTTAACAAC TCACTTAAAC AAATACAACA GAAAATTGCT AAAGAGTTAC
GAAATTCTTG AGTCAATTTC TTTATCTTCT CTTTTAACGA TTTCTCAATC
12 0 1  AAAGAAAAAC ACCAAAACAT ATCCAAACAC GTGATCCAAA TGAATAAAAC
TTTC TTTTTC TCCTTTTCTA TACCTTTCTC CACTACCTTT ACTTATTTTG
X b a I
1 3 0 1  ACGCAACACT g g a a a t a g a a  a c t c t a g a a a  a g a a a t c t g g  aa c c a t a g a t
t c c c t t c t g a  c c t t t a t c t t  t g a c a t c t t t  t c t t t a g a c c  t t c g t a t c t a
T a g  I
I 4 0  I AGAACATTCC ATACACAACA TCCACACAAC ACTCAAAGAA AATACAAAAT
t c t t c t a a c c  t a t c t c t t c t  a g c t g t g t t g  t c a g t t t c t t  t t a t g t t t t a
1501  ACACCAAACC TACCGATAAT ACCAATTCAT CACAATCAAC ATTTTCAnCT
TCTCGTTTCG ATGCCTATTA TCCTTAACTA CTCTTACTTC TAAAACTTCA
1 6 0 1  ACCTAAACAC ATCCCCATCA ACATACAAGA ACCCTACAGA ACTCCAAATA
TGCATTTCTC TACCCCTACT TCTATCTTCT TCCCATCTCT TCAGCTTTAT
A v a I
1 7 0 1  AATGCACTAA ATAAACATAC AATATTAAAA CCAGGCACCT CGGCACCCAT
t t a c g t g a t t  t a t t t c t a t c  t t a t a a t t t t  c c t c c c t g c a  g c c c t c g g t a
18 0 1  AATTGCACAA CCTAACAGCT TCTCCGCCGC CAAGACCCAC ACAGTTTCTC
TTAACCTCTT CGATTCTCGA AGACCCCCCC CTTCTCGGTG TCTCAAAGAC
Sma I
1 9 0 1  ACCTCTATGC TTGGCCCGCC 1 9 2 0  
TCCACATACC a a c c g c g c c c
the 3' Smal site (Figure 3.34).
TGAAGACGCC CGGACTAAAA CCAAAATACT TCAGCCCTAG GGTCAAAAGC 1 0 0
ACTTCTCCGC GCCTGATTTT CCTTTTATCA ACTCCCGATC CCACTTTTCC
CTAAAGAAAC AATTGATCTG GCCCTAGGCC ATCCCTGACC CTTGAAGACC 2 0 0
CATTTCTTTC TTAACTACAC CCGCATCCGG TAGCGACTGG GAACTTCTCC
AAGAAGCCAG ACCCTAAACA AAGAAGTGAT CTGCGTGTGG CTCTATTCCC 3 0 0
TTCTTCGGTC TCGGATTTCT TTCTTCACTA CACCCACACC CACATAACCC
c c c c a a t c c a  a c a c g t c a a c  a c g c c c t a g a  CCTACACCTC a c c c t t g a a a  a o o
CGCGTTACGT TCTGCACTTC TCCCGCATCT GGATCTGGAC TCCGAACTTT 
P a t  X A v a  I I
GCAT TTC CCCACAGACT CTCCAGACAC CCCCAACGTC CCCAGAGCAC 5 0 0
CCCCTAGAAC CCGTGTCTCA GACCTCTGTG GGGCTTCCAC CGGTCTCCTC
AATCCAAT C CATGCAACCT CAGACACCAT CCTTACGCAA GCAAGAAACC 6 0 0
TTAGGTTACC GTACCTTCGA CTCTCTCGTA CGAATCCCTT CCTTCTTTGG
TTCCC T C ACTATGCCGA CATCCCCAAG CTTCCCAGAC CACTCTCCAC 7 0 0
AACCCGACTC t c a t a c c c c t  c t a c g c c t t c  c a a g g g t c t c  c t g a g a g c t g
CTTCAAACAC CACACATCTG GCCACCTTCC CTGCAAGAGG AGAGCTTGCC 8 0 0
CAACTTTCTG CTCTCTAGAC CCCTGCAAGG CACCTTCTCC TCTCGAACCC
CTC TCAAAG ACGCTAACAT AATCACTGCA CGAACAATCT CTAAACCGa G 9 0 0
CACGACTTTC TCCCATTCTA TTAGTGACCT CCTTCTTAGA CATTTGGCTC
TAAGAATCTT ACTAACAGAA ACCAATACCA CTCACCATCA TCAGAATGAA 1 0 0 0
ATTCTTACAA TGATTCTCTT TCGTTATCGT GACTGGTAGT AGTCTTACTT
CCCGGA TA AAGCATATCT CATGATGATC GTAGAGGACA TCAAGAAGGA 1 1 0 0
CGGCCTTAAT TTCCTATACA CTACTACTAC CATCTCCTCT AGTTCTTCCT
AGTCCTTAA AGAAAACCAC CAAAACACAA CCAAACAGCA AGAAGTCCTT 1 2 0 0 .
TTCAGCAATT TCTTTTCCTC CTTTTGTGTT CCTTTCTCCT TCTTCAGGAA 
A c c  I
CATACTAGAC CTATAAAGCC AACTAGACAC AATAAAGAAA ACCCAAAGTG 1 3 0 0
CTATGATCTG GATATTTCCC TTCATCTGTG T T A TT TCTT T TGGGTTTCAC
GCAAGCATCA GCAACAGAAT ACAAGAAATG GAAGAGAGAA TCTCACGTGC 1 4 0 0
CCTTCCTACT CGTTGTCTTA TCTTCTTTAC C TTCTCTCTT ACAGTCCACG 
Bam H I
CCAAAACCAT CCTAACTCAA AACATTCACG TAATCCAGGA CACAATCACA 1 5 0 0
CGTTTTCCTA GGATTCAGTT 7TGTAAGTCC ATTAGGTCCT GTCTTACTCT
TAAACCGCCA CCAAATATTT TCAACAAAAT AATAGAAGAA AACTTCCCAA 1 6 0 0
ATTTCCCGGT CGTTTATAAA AGTTGTTTTA TTA TC TTC TT TTGAAGCCTT 
A v a  I I
GACTCCACCA GAAAAGAAAT TCCTTCTCAC ACATAATAAT CAGAACAACA 1 7 0 0
CTGACCTGGT CTTTTCTTTA AGCAAGACTC TCTATTATTA CTCTTGTTGT 
P a t  I
CTTGCTTCTC CCACTCTGCA CAAACTAGTC TGCACAGGTG AGAGTCTGCG 1 8 0 0
CAACCAAGAC CCTGAGACCT CTTTCATCAG ACGTCTCCAC TCTCACACGC
CCACCCCCAT TTTCAGCCCT CCACACATCC CCCAACCTCT CCCCACCCAC 1 9 0 0
CGTCGCGGTA AAAGTCCCCA GGTCTGTAGG CCGTTGCAGA CCGGTGGGTG
subclone 14HH4A, which contains the upper right-hand arm of the stem
(bj^). This sequence was designated RH2 and is shown in Figure 3.37.
The electron m icrograph regions which constitute the stem of the
foldback structure were located by com parison \ of the nucleotide sequences
described above, using a computer programme (PALIGN, section 2.2.18).
Figure 3.38 is a comparison of the left-hand arm of the stem DNA (LH) 
with the lower right-hand arm (RH1), the RH1 sequence being reversed.
Figure 3.39 is a comparison of the left-hand arm of the stem DNA (LH) 
with the upper right-hand arm (RH2), the RH2 sequence being reversed.
Figure 3.40 is a comparison of the lower and upper right-hand arm
DNA sequences (RH1 and RH2), both sequences being reversed.
Comparison of the stem sequences indicated their relationship and is
illustrated in Figure 3.41.
2JL 2. Stem DNA databank search
The EMBL database (Heidelberg, West Germany) was searched in order 
to try to determine the nature of the stem DNA. The first stem sequences 
obtained were from the subclone 14HH1, and included 550bp of sequence to 
the right of the 3’ end of the actin region, (Figure 3.32). Comparison of this 
sequence with those in the EMBL and GenBank databases using the 
programme WORDSEARCH (section 2.2.18), revealed no other sequences with 
significant homology to it.
3 .2 .4  Stem DNA m ouse genom ic b lo t
Further analysis of the 'stem ' DNA was therefore undertaken by 
hybridising a ^^P -labe lled  S stl-A vall fragm ent of stem DNA, from  the
151
F i g u r e  3 . 3 6  S t r a t e g y  f o r  s e q u e n c i n g  s u b c l o n e  1 4 H H 4 A
This subclone was partially  sequenced from  three restric tion  sites 
H indlll, Avail and B glll and the sequence data from each has been designated
(i), (ii) and (iii) respectively. The details of this figure are as described for 
Figure 3.21. The arrows are numbered to serve as a reference for the table 
below, outlining the details of the sequencing.
Sequence
run
Labelled
restriction
site
Radionucleotide
used
R estriction  
enzyme 
second cut
S trand  
sequenced 
A or B
1 Hindlll i p .  ATP EcoRI A
2 A v a il y^P-A T P EcoRI A
3 EcoRI* (Bglll) a 32P-dATP H in d ll l A
4 H in d ll l a32P-dCTP EcoRI B
5 EcoRI* (Bglll) oc32P-dATP H in d ll l B
* Polylinker restriction site of pUC18
(ii) 
(iil)
OOc r
TJ
N3
•Hind I I I  
•Pst I
■Ava 11
•Tag I
■Ava I I  
•Pst I
Osl
Bgl I I
DO
I O  C-
F i g u r e  3 . 3 7  P a r t ia l  n u c l e o t i d e  s e q u e n c e  o f  s u b c l o n e  1 4 H H 4 A
The nucleotide sequence was designated RH2 in the text as it contains a
portion of the right-hand arm of the stem of the foldback structure in XmA1 4
(Figure 3.31). To assist subsequent comparison, this sequence is numbered in 
reverse, nucleotide 1 is the first base at the Bglll site (Figure 3.36).
Br I I I
( i )  A G A T C T .. .C  CTCGGTACCC GCCGATCTAC AACTAGAAGT AGAAACAATA AAGAAAACCC AAAGGGAGAC AACTCTGGAA ATAGAAATCC TAGGAAAGAA 
T C T A G A ...C  CACCCATCCC CCCCTACATC TTCATCTTCA TC TTTCTTA T TTCTTTTCCC TTTCCCTCTC TTGAGACCTT TATCTTTACG ATCCTTTCTT
ATCAGGAAAC ATAGATGTGA CCATAGCAAG a g a a t a c a a g  a g a t g a a a g a  a a a a a a a t c t  c a g c t c c a g a  a g g t t a c a t a  c a a t c a a a a a  AAATGCAAAA
TACTCCTTTG TATCTACACT CGTATCGTTC TCTTATCTTC TCTACTTTCT TTTTTTTAGA GTCCTCCTCT TCCAATCTAT CTTAGTTTTT TTTACGTTTT
t c c a a a a a g g  t t c c a a c t c a  a a a c a t t c a a  c a a a t t c a a g  a c a c a a t g a t . . . .
ACCTTTTT CC AAGGTTGAGT TTTGTAAGTT CTTTAAGTTC TGTG TTACTA. . . .
( i t )  AAAGGTAATA AAGCGAAAAC TCCAACACAA AGAGCGAAAT TATGCCTTAG AAAAACCAAG AAAGTAATCC TCCAACAAAC CTAAAAGAAG ATAGCCACAA
TTTCCATTAT TTCCCTTTTC ACCTTGTCTT TCTCCCTTTA ATACGCAATC TTTTTCGTTC TTTCATTAGG AGGTTGTTTG GATTTTCTTC TATCGGTGTT
GAACAGAATC CCAACTCTAA CAACAAAAAT AAGAGGACGC AATAACTACT TTCCTTAATA TCTCTTAATA TCAATAGACT CAATTCCCCA ATAATAGACA
CTTGTCTTAC CGTTGACATT CTTCTTTTTA TTCTCCTCCG TTATTGATGA AACGAATTAT AGAGAATTAT AGTTATCTGA CTTAAGGGCT TATTATCTGT
A v a I I
TAAGAGACTC CCTAC...................... G G A C C ...
ATTCTCTGAC CGATC...................... C C T G C ...
( I l l )  TAGATAAACA CTCAAAATCT TTGATAAATG TCTGATAGAT TAGTATACCT CCTCCTCTTA CTCTAGCTGC AGCACATTTA TACTTTTCTA CCTATTCACA
ATCTATTTCT GACTTTTAGA AACTATTTAC ACACTATCTA ATCATATCGA CCAGGACAAT CAGATCGACG TCGTGTAAAT ATGAAAAGAT CGATAAGTCT
CATTTTTCCA CCCATCTTCT CAGACTTCTC AACGTAAAAG TTATGCCAAG CGCTGTCTAC TTCACGTCAG GAATTGCAAC CAGCATATAC AGAGACGCAG
CTAAAAAGCT GCCTAGAAGA CTCTCAACAC TTCCATTTTC AATACCGTTC CCGACACATC AACTGCTGTC CTTAACCTTG CTCGTATATC TCTCTCCGTC
H i n d l l l
. . . TTCGAA 
...A A G C T T
100
200
2 5 0
8 3 0
9 3 0
9 6 7
1 5 9 0
1 6 9 0
1 7 0 0
I
153
F i g u r e  3 .38  C o m p a r i s o n  o f  n u c le o t i d e  se q u en c es  : L H  and RH 1
The nucleotide sequences of LH and RH1 are numbered as in Figures
3.33 and 3.35, respectively.
l.H i CCC-TTCCCCTCCG-AGCAGCACCGAGCTAGCTAGGGCGCAGAGTCGGCTGACACCCGCCACCTACCCACAACACCCGCCACCGGATCTTAAGACTTCTG 9 8
i n  i n  m i  i i n u n  i ii i it m i  m i n i  n m i n i  i n i n i l  i n i m  m m  m i n i  m i
RH1 I OCCCTTCTCCTCGGCACCAGCACAGCCGCATCTTCGGCACAGAGTCTGCAGACACCCCCAAGGTCCCCAGAGCACTCTCCATGGGATCTTAAGACCTCTG 5 2 5
LH i — --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ri l l  I CTGACTGCAACACAACTTCTCCTCCAATCCAATCCCATGGAACCTCACACAGCATGCTTAGGGAAGCAAGAAACCTCGCCTGACAGGTCACAAGTCCTTT 6 2 5
LH : ------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------
R H I : CTGGTAGGCACCAGCACAGGGCACATTGGGCTCAGACTATCCGGACATGCCCAAGGTTCCCAGAGGACTCTCCACACGATCTrCGGACCTCTGCCGACTC 7 2 5
LH :  AAGATACGCATCTCCCCCCTCCCGGAGCTCTTTG-CCTCAG 1 3 8
11 I I  I I I  I I  I I  I I I I I  I I  I I I I  I 
RH1 : CAACACAACTTCTGCCACGACGCAGGTTCAAACACCAGACATCTCGGCACCTTCCCTGCAAGA-GGAGACCTrCCCTG-CAGACAGTACTCTCACCACTG 8 2 3
L)l : AATCACCACCACACATCTTCCTTCCAGCACCCC— ACCGACTCTATCCTCCACA-------------------------------------------------------------------------------------------GCTCC 1 9 5
ii i m  m  i n i m m  I I I III II I , II l l l l
RH1 : AAACT-CAGGAGA-AGCTACTCTCCAGGTCTGCTGAAAGAGGCTAACATAATCACTCGAGGAACAATCTCTAAACCGAGACAACTATAACAACTAACTCC 9 2 1
LH : AGAGAATACCACCTCGCTAAAGGCAAACGTAAGAATCCTACTAACAGAAATCAAGACCAATCACCATCACCAGGACGCACCACTCCCAACCCCACCTAGT 2 9 5
m u m m  n n n n n n m m m m  mi mi m i  m mi  m m m  m i 1 mi  inr i i i i i i n m
R H I: ACACATTACCAGATCGCTAAAGCCAAACGTAAGAATCTTACTAACACAAACCAATACCACTCACCATCATCAGAATGAACCATTCCC-ACCCCACCCAGT 1 0 2 0  
LH : CCTGTGCACCCCAACACAACCGAAAAGTCAAGAACCCGGAATTAAAGCATATCTCATTATGATGGTAGAGGACATCAAGAAGCACTTTAATAACTCACTT 3 9 5
i n n n n n n n i  inn i i i n m n n m m n n m  m m m m m m m m m i i m  m m  u
R H I: CTTGGGCACCCCAACACACTTGAAAA----------ACATCCCCGAATTAAACGATATCTCATGATGATCCTAGAGGACATCAAGAAGCACTTTAACAACTCAGTT 1 1 1 6
L11 : AAAGAAATACAGGAGAACACTGCTAACGAGTTACAAGTTCTTAAAGAAAAACAGGAAAACACAACCAAACAGGTAGAAGTCCTTAAAGAAAAACAGGAAA 4 9 5
mi inn n inn i m m  ni nni i n  m m  mu  n m m n n n m n i i  m m m m m i m i m m
K ill I AAAGAAATACAAGAGAAAATTGCTAAAGAGTTACAAGTCCTTAAAGAAAACCACGAAAACACAACCAAACAGGAAGAAGTCCTTAAAGAAAAACAGGAAA 1 2 1 6  
LH I ACACATCCAAACAGGTGATGGAAATCAACAAAACCATACTACACCTAAAAAGGCAAGTAGACATCAATAAAGAAAACCCAAACTCACGCAACCCTGGACT 5 9 5
in n m m m n n n i i m i i  in in mil  mu  11 m m  m m m  u u i u m u u m u u m u u  urn
R H lI ACATATCCAAACAGCTGATCGAAATGAATAAAACCATACTACACCTATAAAGCGAACTAGACA-CAATAAAGAAAACCCAAACTCAGCCAACACTCGAAA 1 3 1 5  
LH : TAGAAACCCTACGAAAGAAATCTGGAACCATACATCCGAGCATCAGGAACAGAATACAAGAGATGGAACAGAGAATCTCAGGTGCAGAAGATTCCATAGA 6 9 5
ii m i l  m i  i i i i i i  m u m  i n  m u  ii l u i i i u  u u u u u u u  u u u u u u u u u u u u m u u u u u i
R H l:  TAGAAACTCTAGAAAAGAAATCTCGAACCATAGATGCAAGCATCAGCAACAGAATACAAGAAATGGAAGAGAGAATCTCAGGTGCAGAAGATTCCATAGA 1 4 1 5  
l.H : GAACATCCCCACAACAATCAAACAAAATACAAAATCCACAACGAGCCTAACTCAAAACATTCACGAAATACACGACACAATGAGAAGACCAAACCTACAG 7 9 5
i l i um 1111111 n 1111111111111111111 mu  u m m m m m m  m m u u m u m m u m u m  i
R H I : GAACATCGACACAACAGTCAAACAAAATACAAAATGCAAAACCATCCTAACTCAAAACATTCACCTAATCCAGGACACAATGAGAAGACCAAACCTACCC 1 5 1 5  
LH : ATAACAGGAGTTGATGAGAATGAACATTTTCAACTTAAAGGCCCAGCAAATATATTCAACAAAATTATAGAACAAAACTTCCCAAACCTAAAGAAAGAAA 8 9 5
m u  m i  11nu11111111u111111i i 11u1111111u11111 i m u i i i u  u u u u u u u u u u u u u u  i
RHl : ATAATACGAATTGATGAGAATGAAGATTTTCAACTTAAACGGCCAGCAAATATTTTCAACAAAATAATACAAGAAAACTTCCCAAACCTAAAGA GA 1 6 1 1
LH : TGCCCATGAATATACACCAACCCTACACAACTCCAAATACACTGCACCAGAAAACAAATTCCTCCTGACACATAATAATCAGAACAACAAATGCACTAAT 9 9 5
u u m u u  m u  m m m  m u  m u  u i i i i i i  i i i i i i  m m  i i i i i i  i i i i i u  u u u u u u i  i n i i i u m u u
R H l;  TCCCCATGAACATACAAGAACCCTACAGAACTCCAAATACACTGGACCACAAAAGAAATTCCTTCTGACACATAATAATCAGAACAACAAATGCACTAA- 1 7 1 0
LH ; AGATAGAATAGATATAATAGATAGAATATTAAAAGCAGTAAGGGAGAAAAGTCAAGTAACATATAAAGCCACACCTACCAGAATTACACCAGACmTCA 1 0 9 5
iiii m u m u u m u m  i i i
R H l ;  ----------------------------ATAA-AGATAGAATATTAAAAGCAGCACCTCGGGAGCCATCTTCGT................  1 7 5 6
I o*+
F i g u r e  3 .39  C o m p a r i s o n  o f  n u c le o t id e  s eq u en ces  : L H  and  R H 2
The nucleotide sequences of LH and RH2 are numbered as in Figures
3.33 and 3.37 respectively.
U l : TCCAAACAGGTGATCGAAATGAACAAAACCATACTAGACCTAAAAAGGGAAGTAGACATCAATAAAGAAAACCCAAAGTCAGGCAACGCTGGAGTTAGAA 6 0 0
i i  i i i  i i  i i  i i i i  i i  i i i i  m  i i  i i  i i  11 i i i  11 i i i  m i  i n n  m u
RH? |  . . . ( d i v e r g e *  f r o m  L H ) . . .CATCTACAAGTACAACTACAAA-CAATAAACAAAACCCAAAGGGAGACAACTCTCGAAATAGAA 8 6
LH I ACCCTAGGAAACAAATCTGGAACCATACATCCCACCATCAGGAACACAATACAACAGATCGAAGAGAC— AATCTCACCTGCACAACATTCCATAGAGAA 6 9 8
I I III I I I I I I  II III l l l l  l l l l l l l l  I I I I I I  II II l l l l l l l l l l l l l l l  l l l l  I I I I I I I t I I II I I I I I I II m
RH2 : ATCCTAGGAAAGAAATCAGGAAACATAGATCTCACCAT-AGCAAGACAATACAAGAGATGAAAGAAAAAAAATCTCAGCTCCACAAGGTTACAT--------------  1 7 9
LH : CATCCCCACAACAATCAAAGAAAATACAAAATGCAGAAGGACCCTAACTCAAAACATTCAGGAAATACAGGACACAATCAGAAGACCAAACCTACAGATA 7 9 8
m m m  m u  m m m  11 i i m m m m m  i n n  n  m i n i m
RH2 : ----------------------- ACAATCAAAAAAAATGCAAAATGCAAAAAGCTTCCAACTCAAAACATTCAAGAAATTCAAGACACAATGAT. . . ( u n s e q u e n c e d ) . . .  2 5 0
LH : ACACCACTTCATGACAATCAAGATTTTCAACTTAAACGCC.................... 4 0 0  b p  ACACATTATCTTTCCACGAATCCACCCCTTCAAAGGATAA 1 2 7 8
l l l l l  III
R H 2: . . . ( u n * e q u e n c e d ) . . .AAA CG -TAA 7 3 8
LH : TAACAGAAAAACAAACAAACAAACAAACAAACAAACAAAAAAACAATACAAGGACGAAAATCACTCCCTAGAAAAAGCAAGAAACTAATCCCTCAACAAA 1 3 7 8
i n  i m i  m  i i i i i i  i m i  i i i  i m i n i u m  i i i i i i  i i i  i m i n i
RH2 : TAAAGGGAAAA----------------------------------------------------------------- CTCCAACACAAAGAGGGAAATTATCCCTTAGAAAAAGCAAGAAAGTAATCCTCCAACAAA 8 0 9
LH ; CC-AAAACAAGACAGCCACA-CAACAGAATCCCAACTCTAATAACAAAAATAAAAGGAACCAACATTTACTTTTCCTTAATATCTCTTAATATCAATGCA 1 4 7 6
i i  i n  m m m  m m m i  i i i i i i i i n i  m i  m i  i m m  m m m m m m m i i  n
R H 2 : CCTAAAAGAAGATACCCACAAGAACACAATCCCAACTCTAACAACAAAAATAACACGACCCAATAACTACTTT-CCTTAATATCTCTTAATATCAATAGA 9 0 8
LH : CTCAATTCCCCAATAAAAAGACATAGACTAACAGAACTCTAGACACAAACACGACCCAACATTCTCCTCCTTACAGGAAACCCATCTCAGGGAAAAAGAC 1 5 7 6
I I I I I I I I  I I I I I  I I I I I I I  I I I I I I I I I  I I I  I I I  I I  l l l l l
R H 2: CTCAATTCCCCAATAATA-GACATACACTAACAGA-CTCGCTAC-------------- G G A C C .. • ( u n s e q u e n c e d ) . . .  9 6 7
5130
F ig u r e — 3,4Q C o m p a r i s o n  o f  n u c le o t id e  seq u en ces  : R H l  and R H 2
The nucleotide sequences of RH l and RH2 are numbered as in Figures 
3.35 and 3.37, respectively.
CATGGAAATGAATAAAACCATACTAGACCTATAAAGGGAACTAGACACAATAAAGAAAACCCAAAGTGAGGCAACACTGGAAATAGAAACTCTACAAAAG 1 3 3 2
i i i i  i i  i i  niiiiiiiiiiiiiiiiii i i i  i i i i  iiiiiiiiinii i i i i  i i i i
( S e q u e n c e  d i v e r g e s  f r o m  R H l) .  • . GAAGTAGAAACAATAAAGAAAACCCAAAGGGAGACAACTCTGGAAATAGAAATCCTAGGAAAG 9S
R H l : AAATCTCGAACCATACATCCAAGCATCAGCAACAGAATACAAGAAATCGAAGAGAGA— ATCTCAGGTCCACAAGATTCCATAGAGAACATCGACACAAC
l l l l l  l l l l  l l l l l l l l  l l l l l  l l l l l  l l l l l l l l l l l  I I I  l l l l  I I l l l l l l l l l l l l l l l l  I I  I I I  I I
RH 2 : AAATCAGGAAACATACATGTCAGCAT-AGCAAGACAATACAACAGATCAAAGAAAAAAAATCTCAGGTGCAGAAGCTTACAT---------------------------------- AC
R H l : ACTCAAAGAAAATACAAAATGCAAAA-GGATCCTAACTCAAAACATTCAGGTAATCCAGGACACAATGAG-AAGACCAAACCTACGCATAATACGAATTGA 1 5 2 9
I l l l l l  l l l l l  I I  I l l l l l l l l I  I I  I I I I I  l l l l l l l l  l l l l  I I I I  I I  I I I  l l l l  I I  I
R H 2 : AATCAAAAAAAATGCAAAATGCAAAAAGC-TTCCAACTCAAAACATTCAAGAAATTCAAGACACAATCAT............. ( u n s e q u e n c e d ) . . .  2 5 0
1 5 6
F i g u r e  3.41 D i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t h e  r e l a t i o n s h i p  
b e t w e e n  t h e  v a r i o u s  n u c l e o t i d e  s e q u e n c e s  c o n s t i t u t i n g
the  s tem of  the  fo ld b a c k  s t r u c t u r e  w i th in  A.m A 14
(i) The location of the nucleotide sequence LH, R H l and RH2 
within XmA14.
(ii) The arrangement of LH, RH l and RH2 with homologous regions 
a lig n ed .
200bp
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subclone 14HH1B (shown in Figure 3.26), against mouse DNA digested with 
BamHI and EcoRI. The reailts of the hybridisation, shown in Figure 3.42, 
indicated that the probe DNA was highly repetitive in the mouse genome. 
Also discrete bands were observed against a background smear, for example a 
4.0kb BamHI fragment and a 3.0kb EcoRI fragment. The lengths of these 
fragments was similar to those in the previously characterised LIM d, mouse 
repetitive family (Fanning, 1983). This LIM d family is composed of members 
up to approximately 7.Okb in length, although the parts of it that had been 
characterised were the more abundant truncated members derived from the 
3' end. The failure of the databank search to detect homologous sequences to
the ^mA14 stem DNA suggested that, if this were part of the LIM d family, it 
might be from the 5' end.
3 .2 .5  C om parison  of the  stem DNA of kmA1 4  w ith  L IM d  DNA 
s e q u e n c e
At the beginning of 1986 the sequence o f the firs t apparently
’full-length’ LIM d member, LlM d-A 2, was published (Loeb et al., 1986), and
this allowed comparison to be made with the XmA14 stem sequence.
Figure 3.43 shows that most of the LH sequence and specific regions 
within RHl and RH2 sequences are homologous to LIM d DNA. Figure 3.44 is a
diagram m atic represen tation  of L IM d sequence w ith in  A,mA14 and its
relationship to the stem regions.
3 .2 .6  Location of extrem e 3* end of km A 14 a c tin  p seu d o g en e
The LIM d DNA within LH extended in the leftward direction to the
F i g u r e  3 .4 2  A n a l y s i s  o f  m o u s e  g e n o m i c  s e q u e n c e s  h o m o l o g o u s  to
the stem o f  the  fo ld b a c k  s t r u c tu r e  w i th in  \ m A 1 4
(a) BALB/c mouse DNA was isolated as described in section 2.3.5, 
lOug was digested with BamHI and EcoRI and subjected to gel electrophoresis 
through 0.7% agarose (lanes 1 and 2).
(b ) The DNA was transferred to nitrocellulose and hybridised to 
■ ^P-labelled  S stl-A vall restric tion  fragm ent from  the subclone 14HH1B 
(Figure 3.26).
DNA marker 1 is ^ c l g ^  digested with Hindlll and DNA marker 2 is pmS4 
digested with TaqI (section 2.2.10).
CM
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F i g u r e  3 .43  C o m p a r i s o n  of  LH .  R H l  and RH 2 n u c le o t i d e  seq u e n c e s
with  a m o u s e  rep e t i t i v e  D N A  m e m b e r  L l M d - A 2
The nucleotide sequence LH, RH l and RH2 are numbered as in Figures 
3.33, 3.35 and 3.37, respectively . The L lM d-A 2 nucleo tide sequence
(designated L I) is numbered according to Loeb etal., (1986).
LH • CCC-TTCCGGTCCG-AGCAGCA-------------CCGAGG-TACCTAGGGCCCACACTCG-GCTC-ACACCCCCCAGCTACC-CACAACACCCGCCACGGGATCTTAAGACTTCTG
II m i l  II II II II II II I l l l l l l l l  II l l l l l l l l  II II III II I l l l l l l l l  I IIIIII m i
L l : TCCCTTCCGCTCGACTCGAGACTCCAGCCCCGGGCTACCTTGACAGCAGAGTCTTGCCCAACACCCGCAAGGGCCCACACGGGACTCCCCACGGGACCCTAAGACCTCTG
I I I I I I  I I I I  | |  II I l l l l  I l l l l  l l l l l l l l  II IIIIII l l l l l  III II IIIIII III l l l l  I l l l l l l l l l l l
B ill ! GCCCTTCTCGTCCCCACCACCA-------------CAGCGGC-ATCTTCGGCACACACTCT-GCAG-ACACCCCCAACCTCCC-CAGAGGACTCTCCATCGGATCTTAAGACCTCTG
Ll( :----- ----------------------------------------------------------------------------------------------------:-----------------------------------------------------------------------------------------------------------------------------------------------
LI : CTGAGTCCAACACACCGCCTACCCCAATCCAATCCCCTGCAACTTGACACTGCGGTACATAGGGAAGCAGGCTACCCCCGCTTGATCTCGGGCACAAACCCCTTCCACTC
m m m i i m  i ii i   h im  m m  m m  ii i i m i m i i i  i in  in  in  n m i l  n in  i
R ill : CTGACTCCAACACAACTTCTGCTCCAATCCAATCCCATGCAACCTGAGACAGC-ATCCTTAGGGAACCAAGAAACCT-CGCCTGAC— AGGTCACAAGTCCTTrCTGCTA
LH
L l : CACTCCACCCCCGGCTACCTTGCCAGCTGAGTCGCCTGACACCCGCAACGCCCCACACAGGATTCCACACGTGATCCTAAGACCTCTAGTGACTGCAACACAACTTCTGC
i i i i i  i i i  i i  i n  i i i i i  i i i i i  i i n n  n  n  i i i i  n  i n  n i l  i m i n i  t n n n n n n i n m n
RHl : GCCACCACCACAGCGCACATTGCGCTCAGAGTATGCGGACATGCCCAAGCTTCC-CAGACGACTCTCCACAGGATCTTGGGACCTCTGGGGAGTGCAACACAACTTCTCC
LH :  AACATACCCATCTGCCCCCTCCGCGAGCTCTTTG-CCTCAGAATCAGCACCAGACATCTTCCTTCC
i i i i  i i i i i  i i n  n  n  n  i n  n  i n  n  i n
L l : CAGGACTCTCCTTCGAACACCACATATCTGGGTACCTCCCTTGCAAGAACAGACCTTGCCTC— CAGAGAATACTCTCCCCACTCAAACT-AAGGAGACTGCTACCCTCC
i i i i i i  i h i m  i i i i  i n n  m i n i  n u  n  m i n i  n n n n n n n n n n i  m i n i  m i n i u m  i i i i i i  n i l  n i l
RHl ; CACCAGCCAGGTTCAAACACCAGACATCTCCCCACCTTCCCTGCAACACCAGAGCTTCCCTC— CACAGACTACTCTCACCACTCAAACT-CACCAGA-ACCTACTCTCC 
LH : AGGACTCC —  ACCCAGTGTATCCTC— CACA—  --------------------------------------------------------------------------------CCTCCACAGAATACCAGCTGCCTAAAGCCAAACCTAAGAA
I I I  | |  I | I I I  | |  | I I I  I I I  I I I I I I  I I I I I I  I I I I I I I I I I I I I I I I I I I I I
L I : AGGTCTCCTCATACAGGCTAACAGAGTCACCTGAAGAACAAGCTCTTAACAGTGACAACTAAAACAGCTACCTTCAGAGATTACCAGATGGCGAAAGGCAAACGTAAGAA
I I I  I I I  I I I  I I I I  I I I  I I I  I I  I I I I I  I I  l l l l l  I I I  I I I I  I l l l l l l l l  I I I  I I I I  I I  I I I  I I I  I I I  I I I  I I I  I I  I I I  I I I  I I  I I I I I  I I I  I I
RHl : AGGTCTCCTGAAAGACGCTAACATAATCACTGGAGGAACAATCTCTAAACCGAGACAACTATAACAACTAACTCCAGAGATTACCAGATGGCTAAAGCCAAACGTAAGAA
ICCTACTAACAGAAATCAAGACCAATCACCATCACCACGACGCAGCACTCCCAACCCCACCTAGTCCTGTGCACCCCAACACAACCGAAAAGTCAAGAACCCCGAATT-A
n n n n n n n n n n n n  i i i i i u u  i n  u i i i n i n u u  n n n n n n n i  n n n n n n n n n n i  n  i n  i n  n  n  i
TCCTACTAACAGAAATCAACACCACTCACCATCATCAGAACCCAGCACTCCCA-CCCCACCTAGTCCTCGGCACCCCAACACAACCGAAAA-TCTAGA-CCCAGATTTAA
i i  l u i n u u u  i n  n n n n n n n n n n  i i i i i  i i i i n n i n u  n i l  n n n n n n n n  i i i i i i  i i i i i  ii ii i
t c t t a c t a a c a g a a a c c a a t a c c a c t c a c c a t c a t c a g a a t g a a g c a t t c c c a - c c c c a c c c a g t c t t g g c c a c c c c a a c a c a c t t g a a a a - a c a t  CCCGGAATT-A
LH : A AGC AT ATCTCATT ATG ATGGT AG ACC ACATCAAG AACGACTTT AATAACTCACTT AAAGAAATACAGG AG AACACTCCTAACCAGTltAtaAAGTtr tnTAAAGAAAAACAG
n  i n  i i i i i i  i i i i i i  m m n n n m n m i i i  i i i i  i ni ni i ni  nini i i i  i i n i n i i  i i i n m  i n i i i i u u u  i n
L l : AAACATTTCTCATGATCATGATAGACCACATCAAGAAGGACTTTCATAAGTCACTTAAAGATTTACACGACAGCACTGCTAAACAGTTACAGGCTCTTAAAGAAAAGCAC
n  i n  i n  m i n i m  n n n n n n n n n n n i  i n  i n  m i n i  i i i i  i i i i  i n n n n n n n i  i i i i i i i  i n n  n
RHl : AACCATATCTCATCATGATGCTACAGGACATCAACAAGGACTTTAACAACTCAGTTAAACAAATACAAGAGAAAATrGCTAAACAGTTACAAGTCCTTAAACAAAACCAC
R H 2:
GAAAACA'CAlAfcCAAACAGGTfctaAAGUdCTTAAAGAAAAACAGGAAAACAC.ttt'bCAAACAGGTfcl
m m m  m i n i m  n
U I : ACACS g f R j TtelCTTAAAGAAAAACAGGAAA C ^TfcC CATGGAAATGAACAAAACCATACTAGACCTAAAAAGGGAAGTAGACAT
I I I I I I I I I I I I I I I I I I I I ( I I I I I I IIIIII 11 11 II II I 11 I
L 1 : CAAAACACAGCCAAACACGT------------------------------------------------------------------------------------------- CATCGAAATGAACAAAACCATACTAGAACTAAAAGGGGAAGTAGACA-
n i i n i i i  m m m  n i n u n u i  n n n n n n n  i n  n  n n n n n n i
RHl : GAAAACACAACCAAACACGAAGAAGTCCTTAAAGAAAAACAGGAAAACATATCCAAACAGGTGATGGAAATGAATAAAACCATACTACACCTATAAAGGGAAGTAGACA-
l l l l l l l l  I I
( S e q u e n c e  d i v e r g e *  f r o m  L I M d ) . . .CAAGTAGAAA-
l h  •. c a a t a a a g a a a a c c c a a a c t g a g c c a a c g c t c g a g t t a g a a a c c c t a c g a a a c a a a t c t g c a a c c a t a g At g c g a c c a t c a c c a a c a g a a t a c a a g a c a t g g a a g a g a g a
m m m m n n n i  n n n n n n n i  n n n n n n n n n  m m n m n n n n n m m  n n n n n n n  n i i i i i i u u
L 1 : c a a t  a a a g a a a a c c c a a a g c g a g g c a a c g c t g g a g a t a g a a a c c c t a g g a a a g  a g a t c t c g a a c c a t a g a t g c g  a g c a t c a g c a a c a g a a t a c a a g a a a t g c a a g a c a g a
m m m m i m m  i i i i i i u  i n n  i i i i i n i  n i l  i n n  n n n n n n n n n  n n n n n n n n n n n n n n n n n n
RHl : CAATAAAGAAAACCCAAAGTGAGGCAACACTGGAAATAGAAACTCTAGa a AAGAAATCTGGAACCATAGATGCAACCATCAGCAACAGAATACAAGAAATCCAAGAGAGA
n n m m m m m  i n  m i  n m  m i n i  i m m m i  i n  i i i i  m u m  m m  m n  n i n n m i  i n  i i i i  i i
R H 2 : CAATAAAGAAAACCCAAAGCCAGACAACTCTGGAAATAGAAATCCTACGAAAGAAATCAGGAAACATAGATCTGACCAT-AGCAAGAGAATACAACACATGAAAGAAAAA
I AA)
9 8
1 3 2 6
5 2 5
1 4 3 6
631
1 5 4 6
7 4 0
16 3
1 6 5 3
6 4 6
2 3 0
1 7 6 3
9 5 6
3 3 9
1 8 7 0
1 0 6 0
4 4 9
1 9 8 0
1 1 7 0
5 5 9
2 0 4 7
1 2 7 9
45
6 6 9
2 1 5 7
1 3 8 9
15 6
L l : 
RID : 
R H 2 :
LH : 
L l : 
RHl : 
RH2 :
LH ! 
L l  : 
R H l :
LH : 
L l  : 
R H l :
LH : 
L l :
LH : 
L l :
LH : 
L l : 
RH2 :
LH : 
L l : 
RH2 :
LH : 
L l :
LH : 
L l :
LH : 
L l :
LH : 
L l :
LH i 
L l ;
LH i 
L I :
LH : 
L l  :
LH : 
L l :
i i  I m i  i i n  i m i  i !  i i i  i i i i i i  i u n i t  m i n i  n n n n n n n n n n i  i n n  n n m n n n n  n i l  i n  n n n n n n n
a t c t c a g c t c c a c a a g a t t c c a t a g a g a a c a t c g a c a c a a c a g t c a a a g a a a a t a c a a a a t c c a a a a g g a t c c t a a c t c a a a a c a t c c a c g t a a t c c a g g a c a c a a t c a g
l l l l l l l    I l l l l l l l l l l    I ' l l  .
ATCTCAGGTGCAG A AG ATTCCATAG AGA ACATCC ACACAACAGTCAAAG AAA ATACA A A ATCCA A A AGC ATCCTA ACTC AAA ACATTCAGGTAATCCAGGACACA ATG AG
11111111111111 i i  n  i n  i n  i i i i i  i i i i i  n n n n n n n  i i n n n n n n n i  i i n  n  m i n i m
ATCTCAGGTGCAGAAGGTTA CAT_______ ————————— —AC AATC A A A A A A A ATGC A A A ATGC A A A A G G -TTCC A ACTC A A A AC ATTCAAG AA ATTC AAG ACACA ATG AT
lA]
AACACCAAACCTACAGATAACAGCACTTGATCAGAATGAAGATTTTCAACTTAAAGGCCCAGCAAATATATTCAACAAAATTATAGAACAAAACTTCCCAAACCTAAACA
n n n n n n n  i i i i i  i i i i  n n n n n n n n n n n n n n n n n n i  i i i i i   i i i i i i  n n n n n n n n n n i  i i i i  i
AACACCAAACCTACCGATAATACCAATTGATCAGAATGAAGATTTTCAACTTAAAGGGCCAGCTAATATCTTCAACAAAATAATAGAAGAAAACTTCCCAAACATAAAAA
n i n m i i i i i i i m i i i i i m i n i i i m m i m i m i i i m m i m i i n  i i i i i    i n n i n i i i n  l i m n  i i
AACACCAAACCTACCGATAATACCAATTGATGACAATGAACATTTTCAACTTAAACCGCCACCAAATATTTTCAACAAAATAATAGAACAAAACTTCCCAAACCT-------- A
 ( u n s e q u e n c e d ) .
AAGAAATGCCCATGAATATACACGAAGCCTACACAACTCCAAATACACTGGACCAGAAAACAAATTCCTCCTCACACATAATAATCAGAACAACAAATGCAQrAAjrAGAT
i i i i  m in nil i i i i i  i i i i i  i i i i i imi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11111 1 1 1 1 in n i i i i  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  n  1 1 1 1 1  [ 1 1 1 1 1 ,
AAGACATCCCCATGATCATACAAGAAGCATACAGAACTCCAAATAGACTGGACCAGAAAAGAAATTCCTCCCGACACATAATAATCAGAACAACAAATGCACTAA----------
I I I  I I I  I I I  I I I  I I I  I I I  I I I  I I I  I I  I 11 I I I  11 I I  I  11 111 I I  11 I I I  I I I  I I  I I I  11 I I  I I I  I I  I I  I I  I I I  I I I  I I I  I I  I I  I I  I I  I I I  I I  I I I  I I I  I I  I V :
a a c a c a t c c c c a t c a a c a t a c a a g a a g c c t a c a c a a c t c c a a a t a c a c t g g a c c a g a a a a c a a a t t c c t t c t g a c a c a t a a t a a t c a g a a c a a c a a a t g c a c t a a ----------
*AgAATAfcATAfrAAfrAGATACAATAhTAAAAGCAGTAAGGGAGAAAAGTCAAGTAACATATAAAGCCAGACCTACCAGAATTACACCAGACTnTCACCAGAGACAATGAA
^  i i i i 11 i i  i i i  mi l  11 m i  i  m i  n n n n n n n n n n i  i i i i i i  i i  i i i i  n n n n n n n  i i i i i i  i i i i  i i i i i i  i i i i i
 -----------------ATAA-AGATAGAATATTAAAACCACTAAGGCAGAAAGGTCAAGTAACATATAAACGAAGCCCTATCAGAATTACACCAGACTTTTCACCAGAGACTATCAA
i i i i i i i i i i i i i i  i i i  i i i i  i i  i i
 ------- ATAA-AGATAGAATATTAAAAGCAG..........(sequence diverges from L I M d ) . . .
ACCCACAACAGCCTCCACACATCTTATACAGACACTAAGACAACACAAATCCCACCCTACCCTACTAT GGCCAAACTCTCAATTACCATAGATGCACAAACCAAAC 1 2 1 5
i n  i n  i i i i i  i i i i i  i n  m i n i  n n n n n n i  n  n  i i i i i i  i i i i  i i i i  m i n i m  n n n n n n n n n n n n n n n n  i i i i i i
AGCCAC AAGAGCCTGCACAG ATCTTAT ACAGACACTAAG AC AACACA A ATCCCAGCCC AGGCTACTATACCCCGCCAA ACTCTCAATTACCATAGATGG AG AAACCAA AG 2 6 9 2
TATTCCACCACAAAACCAAATTTACACATTATCTTTCCACGAATCCAGCCCTTCAAACG ATAATAACACAAA AACAAACAAACAAACAAACAAACAAACAAAAAAACAAT 1 3 2  5
111111i i 11111111111 n  i i i i i  n n m i n i m m i n n n m i n n m i i i m i i i  m i n i
TATTCCACGACAAAACCAACTTCACACAATATCTTTCCACGAATCCAGCCCTTCAAAGGATAATAACAGAAAA----------------------------------------------------------------GAAACAAT 2 7 7 3
llll I I I I I I  I III III
. . .  ( u n s e q u e n c e d ) . . . AAAGG-TAATAAAGGGAAA-—  ---------- -----------———-----------ACTCCAAC 7 5 6
ACAAGGACCAAAATCACTCCCTAGAAAAACCAACAAAGTAATCCCTCAACAAACCAAAA-GAAGACAGCCACA-GAACAGAATCCCAACTCTAATAACAAAAATAAAACC 14 3 3
m m m  n n n i  m u m  n  n n n n n n i  n n n n n n n  n n n n n n i  i n n n n m m n n i  n n n n n n n i
ACA ACCACCCAA ATCACGCCCTACAACAACCAACAAACTAATCATTCAACAAACCAAAAAGAAGACAGCCACA ACAACAGAATGCCAACTCTAACAACAAAAATAAAACC 2 8 8 3
i i i i  n  i i i i i i  i i i i  i i i i i  n  i n  i n  n  i i i i i  i i n  i n  n  i i n  i i i i i  i n  n n n n n n n i  n n n n n n m n n n i  i n
ACAAACAGCGAAATTATCCCTTAGAAAAACCAACAAAGTAATCCTCCAACAAACCTAAAAGAAGATAGCCACAACAACAGAATCCCAACTCTAACAACAAAAATAAGACG 8 6 6  
AACCAACATTTACTTTTCCTTAATATCTCTTAATATCAATCCACTCAATTCCCCAATAAAAAGACATAGACTAACAGA ACTCTAGACACAAACAGGACCCAACATTCTGC 1 5 4  3
m i n i  111111111 n  111111111111111111111 n  11111111 n  11111111111111111111 n  111 i n  i i i i i i  n n n n n n i  i i i i i i
GAGCAACAATTACTTTTCCTTAATATCTCTTAATATCAATCGACTCAATTCCCCAATAAAAAGACATAGACTAACACA-CTGCCTACACAAACAGCACCCAACATTCTGC 2 9 9 2
i i i i  n  i i i i i i  i i  i  i  i  i  i i i  i  i  i  i  i i i  i i i  i  i  i  i  n n n n n n n n n  m m  n  n n i n n n i  i i i i i
ACGCAATAACTACTTT-CCTTAATATCTCTTAATATCAATACACTCAATTCCCCAATAAT-AGACAT----------AAGAGA-CTGGCTAC..................... CGACC( u n s e q u e n c e d  ) 9 6 7
TCCTTACACGAAACCCATCTCACGGAAAAAGACACAAACTTACCTCACCCTGAAACCCTCG AAAACAATTTTCCAACCAAATGCTCTCAAGAAACAGCCTGCACTAGCCA 1 6 5  3
n n n n n n n n n n n n n n n n n n  i n  m i n i  n n n n n n n n n n n n n n n m n  n n n n n i  n n n n n n i
TCCTTACAGCAAACCCATCTCAGGGAAAAAGACAGACACT-ACCTCACACTGAAAGCCTGGAAAACAATTTTCCAAGCAAATGCACTGAAGAAACAAGCTGGAGTACCCA 3 1 0 1  
TTCTAATATCGAATAAAATTGACTTCCAACCCAAAGTCATCAAAAAAGGAAAATACCGACACTTCATATTCATCAAACTTAAAATCCTCCAAGACGAACTCACAATTCTC 1 7 6 3
n  n n n n  n n n i  n  i i i i  i n  m m  n  n n n n n  n  n n n n n n n  m m m  n n n n m n n n n n i  m u m
TTTTAATATCCGATAAAATCCACTTCCAACCCAAAGTTATCAAAAAAGACAAGGAGGGACACTTCATACTCATCAAACGTAAAATCCTCCAAGAGCAACTCTCAATTCTC 3 2 1 1  
AATATCTATGCTCCAAATGCAACGCCAGTCACATTCATTAAACACACATTACTA AAGTTCAAACCACACATTGTACCTCACACAATAATAGTGGCAC ACTTCAACACACC 1 8 7 3
n n n n  n  n n n m n n n i  n n n n n i  i i i i i i  m m m  n n n n  i i i i i i  n n n n n n n n n n n n n n n n n n
AATATCTACCCACCAAATGCA ACGGCACCCACATTCATTAGAGACACTTTACTAAACCTCAA ACCATACATTCCACCTCACACAATAATAGTGGGAC ACTTCAACACACC 3 3 2 1  
ACTTTCATCAATGGACAG ATCGTGG AA ACAG AAACT AA ACAGGG ACAC AATC A ACCT A ACAGAAGTT ATG AA ACAAATGG ACTTAACACATATCTACAGAACATTTTATC 1 9 8 3
n  11 n  i n  i i n  i n  i n  i n  i n  i n  i n  i n  i n  i i n  i n  i n  i n  i i n  n  i n  n  n  n  i n  i n  i n  n  n  i i n  i n  i i n  i n  i n  i n  i n  111
AC 1 11CTTCAAAGGACAGATCGTGGAAACAGAAACTAAACAGGGACACAGTGAAACTAACAGAAGTTATGAAACAAATGGACCTGACAGATATCTACAGAACATTTTATC 3 4 3 1  
CTTAAACAAAAGG f l  1 i ACCTT CTT CTCAGCAC ------  CCTCCAAAATTGACCATATAATTGTTCACAAAACAGCCCTCAACACATACAAAAATACTGAAATC 2 0 8 1
M M 11111111 I III III I III III III I I I I I I I I  III II III III IIII II III III IIII III III IIII  III III III I I I I I I
TAAAACAAAACGATATACCTTCTTCTCAGCACCTCACGCGACCTTCTCCAAAATTCACCATATAATTCGTCACAAAACAGGCCTCAATAGATACAAAAATATTCAAATT 3 5 4 1
CTCCCATGCATCCTATTAGACCACCATCCACTAACGCTCATCTTCAATAACAACATAAATAATGGAAAGCCAACATTCACGTGCAAACTGAACAACACTCTTCTCAATGA 2 1 9 1
JL'JLJLI1,1 1111111 n  i n  n  n  i n  i i i i i  i n  i n  i n  n  n  i n  i n  n  n  i n  n  i n  n  n  i n  n  i n  i n  i n  i n  n  n  i n  i n  i n  n  i n  i n
ATGTATCCTATCAGACCACCATCGCCTAAGACTCATCTTCAATAACAACATAAATAATGGAAAGCCAACATTCACGTCCAAACTGAATAACACTCTTCTCAATGA 3 6 5 1
AACCTTCCTCAACCAACTAATAAAGAAAGAAATTAAAGACTTTTTAGACTTTAATGAAAATGAACC-
m n n n n n n i  i n  i n  i n  i n  i n  n  i n  i n  i n  i n  i n  i n  i n  i  n  i n  i n  i
TACCTTCGTCAACGAAGGAATAAAGAAACAAATTAAACACTTTTTAGAGTTTAATGAAAATGAACC.
 / / ---------------------------------- ACATCCTGCC 2 2 6 7
1 1 1 1 1 I I  I I I
. 2 . 4  k b .......................................AGATCCTCCC 6 2 6 9
GACGATGTCGAGAAACAGGAACACTCCTCCATTCTTGCTGCG-CCG. AAGCTT
i n  I I  n n n n n n  I I I  l l l l l  I I  l l l l l  l l l l l  I I I I I  i  i  i  i i i i
GACGATCTGCACAAAGAGGAACACTCCTCCATTCTTGGTCGGACTGCACGCTT
2 3 2 0
6 3 2 2
( F i g u r e  4 . 4 3  c o n t i n u e d )
F i g u r e  3 .4 4  D i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  th e  L I M d  n u c l e o t i d e
sequence  within a,mA14 and its relationship to the
stem regions
T h e  AmA14 subclones which contain the electron m icrograph stem 
sections are indicated. The stem sections are designated a and b, and are
followed by a subscript L ' or R which respectively refers to the left and
right-hand side of the stem. The LIM d nucleotide sequence within XmA14 is 
represented as barred regions.
c r
70
CD
70
-O
i
H i nd 11H 
Sst I
•Hind I l H
Hind I I I
■Bgl l l  J 
Hind I I I
XT
I
■Sma I
•Sma I J
-p-
GO
GO
3
XT
O7T
c r  _
apparently truncated 3' end of the actin pseudogene as shown in Figure 3.44. 
It therefore appeared possible that the L IM d had inserted approxim ately
lOObp from the expected 3' end of the actin pseudogene in /VmA14, in which 
case the extreme 3' end of the pseudogene might be at the other extremity (3' 
end) of this LIM d sequence. To try to locate this 3' actin DNA a ^ P - l a b e l l e d
150bp Taql-PstI fragment from the actin pseudogene of ?tmA19, (Figure 2.3) 
was used as the probe. This contains 150bp of the 3' non-coding actin-like 
DNA (including the missing lOObp). The probe hybridised to the 2.3 and 3.0kb
H indlll fragm ents of XmA14 (Figure 3.45). The 3.0kb fragm ent was that 
cloned as 14HH1, and contains the truncated 3' end of the actin pseudogene.
The 2.3kb fragm ent corresponds to that cloned as 14HH2, and the 
hybridisation suggested that this contained the displaced lOObp 3' non-coding
actin-like sequence. Further analysis indicated that the region in 14HH2 
hybrid ising  to the probe was more specifically  positioned  w ith in  the 
subclone 14HH2B (Figure 3.8). If it is assumed that the LH LIM d sequence in
XmA14 continues uninterrupted from the right-hand H in d lll site at the 
extremity of the 14HH1 where sequencing ended, one would predict on the 
basis of the results of Loeb et al., (1986) that the 3' end of the LIM d sequence 
would be approximately l.lk b  further to the right. As 14HH2B is estimated to 
be 0.8kb to the right of 14HH1, (Figure 3.8), the 3’ end of the LH LIM d
sequence would be expected to be in 14HH2B. Thus the most reasonable 
interpretation of these results is that the rem aining lOObp o f  the actin 
pseudogene would be at the 3' end of the LIM d sequence.
F ig u re  3.45 L ocation  of ex trem e 3 'end  of the  ac tin  pseudogene hv 
h y b r i d i s a t i o n  o f T a a l - P s t I  f r a g m e n t  f r o m su b c lo n e
M v A - y l ,  against digested ?nnA 14
The Ji6P -labelled  T aq l-PstI restric tion  fragm ent was iso la ted  from
M yA -\j/l (Figure 2.3), a subclone of XmA19 (Leader et al., 1985). The 150bp 
fragment which contains the extreme 3' end of the non-coding DNA of the
actin processed pseudogene in ^mA19 was hybridised against digested ?imA14.
(a) Photograph of the stained DNA gel, lane 1 is Xclg^-y digested with
H indlll (section 2.2.10) and lane 2 is "XmA14 digested with Hindlll.
(b) Autoradiograph of the nitrocellulose, which corresponds to lane 2
(a) (b)
1 2
23.7
0.58
CHAPTER 4 Discussion
4 .1  Actin processed pseudopenes in A,mA14 and X m A 3 6
Although the major concern of this thesis is the DNA associated with
the actin-like genes of clones ?imA14 and ^mA36, it is appropriate to begin 
this D iscussion with a consideration of the results of partial nucleotide 
sequence determ ination on the actin-like genes themselves.
The portion of the actin-like nucleotide sequence in XmA14 includes 
bases number 1063 to 1998 of Figure 3.22. This is related to the coding 
sequence of an actin-like gene from amino-acid 1 to am ino-acid 302, as 
shown in Figures 4.1 and 4.2. Of the 22 residues unique to cytoplasmic actins
(Table 1.1), all were found in the predicted sequence of A,mA14, (indicated by 
the underlined residues in Figures 4.1 and 4.2), except for the last two 
residues at positions 357 and 364, which are located outwith the sequence
determined. There are 4 amino acids at the N-terminal end of the sequence
which differentiate the cytoplasmic actin p and y iso form s (V a.nderckhove
and Weber, 1979a). These are the amino acids at position 2 (P '■«= Asp, y =Glu),
position 3 (p = Asp, y = Glu), position 4 (p =Asp, y = Glu) and position 10 (p = Val,
y = lie). The sequence in XmA14 corresponds to Glu^, G h P , Glu^ and I l e ^ ,
(Figure 4.1) and identified the cytoplasmic actin-like DNA in J^mA14 as being
related to the y isoform. The actin-like region in ^mA36 was only partially 
sequenced (Figure 3.24, parts (iii) and (iv)). The regions sequenced 
correspond to P r o ^  to A s p ^ ^  and Cys ^<5 to Thr (pigure 4  3^  Within
F i g u r e  4.1 C o m p a r i s o n  o f  t h e  p r e d i c t e d  a m i n o  a c id  s e q u e n c e  
(r es id ues  1 - 50) fo r  y - a c t i n  w i t h  t h e  c o r r e s p o n d i n g  
reg ion  of  X,mA14
The predicted y-actin amino acid sequence (Vandekerckhove & Weber, 
1979a) is compared with the predicted amino acid sequence of the actin-like
reg ion-in  ^mA14. The underlined residues are those unique to cytoplasmic 
actin and those labelled with (*) identify the cytoplasmic actin to be of the
gamma (y) type. The nucleotide differences in X.mA14 which produce a residue
alteration from the y-actin amino acid sequence are indicated.
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F i g u r e  4 .2  C o m p a r i s o n  o f  th e  n u c le o t i d e  s e q u e n c e  (r e s id u es  48 -
302)  of  m ouse  v - a c t i n  cD N A  w i t h  t h e  c o r r e s n o n d i n g  
r e gion of  A.m A 14
The partial nucleotide sequence of the pseudo-coding region of a
mouse y-actin cDNA (Peter & Leader, unpublished) is compared with the
corresponding actin-like region of XmA14. The underlined residues are those
unique to cytoplasm ic actin. The nucleotide differences in ^m A 14 w hich
produce a residue alteration from the y-actin  amino acid sequence are 
indicated. Unsequenced regions are indicated by dots (••••••) and nucleotide base
deletions are indicated by a dash (-).
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E l g y r e _4j2. C o m p a r i s o n  q£_______ ti le  n u c l e o t i d e  s e q u e n c e  ( r e s i d u e s
70 to 157 and 256 to 302) of mouse v -actin  cDNA w ith
the  co rresp o n d in g  reg ion  of X m A 3  6
The partial nucleotide sequence of the pseudo-coding region of a
mouse y-actin cDNA (Peter & Leader, unpublished) is compared with the
corresponding actin-like region of ?imA36. The underlined residues are those
unique to cytoplasm ic actin. The nucleotide differences in )^mA36 w hich
produce a residue alteration from the y-actin  amino acid sequence are
indicated. Unsequenced regions are indicated by dots (.......... ) and nucleotide base
deletions are indicated by a dash (-).
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these regions there are 12 residues unique to cytoplasmic actin, and of these 
11 were found to correspond to the predicted translation of the actin-like
nucleotide sequence in ?tmA36. Only the amino-acid predicted at position 259
did not correspond to the non-muscle isotype. Therefore XmA36 most closely 
resem bles a gene corresponding to a cytoplasm ic isoform  of actin 
(Vanderckhove and .Weber, 1979a). However it cannot be determined from
the region sequenced whether the cytoplasmic actin-like gene in ?imA36 is
of the p or y isotype, as the 4 amino acids which identify the isotype are at 
the N-terminal end, and this region was not sequenced.
The actin-like gene of XmA14 bears some of the hallm arks of a 
processed pseudogene. There are 28 differences in the predicted amino acid
sequence from that of y-actin (represented by the residues below the XmA14 
nucleotide sequence in Figures 4.1 and 4.2), including an lie  residue at 
position 1 rather than an initiating methionine, and stop codons rather than 
Arg and Tyr at positions 38 and 166, respectively. These changes clearly 
preclude this actin-like DNA from having any functional potential and 
identify it as a pseudogene.
The actin-like sequence in A,mA14 (Figure 4.1 and 4.2) is not
interrupted by the introns anticipated for mouse y-actin. Although it is not 
known whether the gene coding for the mouse (or indeed any mammalian)
y-actin has introns, the genes for the four mammalian actin isoforms so far 
characterised all have introns at amino-acid positions 41, 267 and 327, as 
well as at other positions specific for different isoforms, (Carroll et al., 1986; 
Chang et al., 1984, 1985; Hamada et al., 1982; Ng et ah, 1985; Bergsma et a l,  
1985; Foran et a l,  1985; Table 1.2). Thus it seems most likely that mouse
y-actin will also possess introns and that the pseudogene in  A,mA14 is
therefore o f  the processed type.
Most processed pseudogenes contain DNA copies of the whole of the 
mRNA, including the 5' and 3' untranslated regions, and a 3' poly A tract,
and are flanked at the 5' and 3' ends by a short target-site direct repeat. The
actin-like coding amino acid sequence in A.mA14 probably includes the
residue at position 1, as ATA may well be a mutated (ATG) initiation codon
(Figure 4.1). The 5' untranslated region of the mouse cytoplasmic y -ac tin  
gene has not yet been sequenced and therefore it is difficult to determine
whether the actin pseudogene in AmA14 includes all or part of this region.
However the nucleotide sequence of a 'fu ll-leng th ' hum an cytoplasm ic
y-actin cDNA, including 73 bases of the 5' untranslated region is available 
(Erba et al., 1986). As the 5' untranslated regions of the rat (Nudel et al.,
1983) and human (Ponte et al., 1984) p-actin genes show more than 80%
identity, it may therefore be valid to compare the A,mA14 sequence with the
5' untranslated region of human y-actin. Exam ination showed that the 
homology between these sequences appeared to extend only 3 bases to the 
left of the presumed actin-coding residue 1 (Figure 4.4). If  this is the
left-hand end of the actin pseudogene in ?imA14, it would appear to be 
truncated, as one would expect the 5' untranslated region to be longer than 3
bases. A human cytoplasmic y-actin processed pseudogene has recently been 
sequenced and it does not appear to be truncated at the 5' end (Leube & 
G allw itz, 1986). However, an unequivocal 5' truncation of a mouse
cytoplasm ic y-actin pseudogene has previously been described (Leader et al.,
1985), the actin-like sequence beginning at amino acid position 7.
The few previously reported exam ples of processed pseudogenes 
truncated at the 5’ end, fall into several different categories. In some cases
F ig u re  4.4 C o m p ariso n  o f th e  S' u n tra n s la te d  reg io n  of h um an  
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The 5' untranslated nucleotide sequence of the human cytoplasm ic
y-actin cDNA, pHFyA-1 (Erba et al., 1986), is compared with the 5' flanking
sequence of the y-actin processed pseudogene in A,mA14. The nucleotide
sequence of pHFyA-1 is numbered as in Erba et al., (1986) and the ?im A 14 
nucleotide sequence is numbered as in Figure 3.22.
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the 5' truncation is clearly explained by the insertion of another retroposon 
(Shimada et al., 1984; Scarpulla et al., 1984). In other cases the processed 
pseudogene appears to be derived from an abberrant transcript generated 
by faulty splicing or by initiation down-stream from the normal cap site. 
For exam ple, the pseudogenes derived from  the human im m unoglobulin 
lambda light chain (Hollis et al., 1982), and the human im m unoglobulin 
epsilon heavy chain (Battey et al., 1982; Ueda et al., 1982). These examples 
are of genes that are subjected to strict tissue-specific regulation in the 
soma and may perhaps only give rise to pseudogenes from  abberrant 
germline transcripts.. However there are two examples of genej^ which are 
not tissue-specific and give rise to 5' truncated pseudogenes, not caused by
retrotransposon insertion. These are the mouse y-actin pseudogene in >.mA19 
(Leader et al., 1985) and a mouse cellular tumour antigen p53 pseudogene, 
where at least 80 nucleotides are missing from a long 5' untranslated region 
(Zakut-H ouri et al., 1983). It has been suggested that such genes may have 
arisen from  incom plete or partia lly  degraded reverse transcrip ts of a 
fu ll-leng th  mRNA. The 5' flanking nucleotide sequence o f the actin
processed pseudogene in XmA14, was compared with sequences in the EMBL 
databank, and was found not to be related to any of the entries, of 
retroposon origin or otherwise. Therefore if  this gene is really truncated at 
the 5* end, it may have also arisen from an incomplete or degraded reverse 
transcript. If this is the case, the occurrence of two truncated mouse actin
y-actin processed pseudogenes may indicate that there is a large amount of
secondary structure at the 5' end of the mouse y-actin mRNA which is a 
barrier to reverse transcription in vivo.
Although it is not necessarily evident from direct com parison, the 
results of section 3.1 have already demonstrated that the actin-like genes in
XmA14 and XmA36 are parts of a much larger area of similar DNA in these 
clones, of at least ll.O kb in length. The question of the origin of this 
similarity (duplication or amplification) is discussed in 4.3, below. However
it is convenient at this juncture to \ discuss the actin-like regions in k m A 1 4
t
and XmA36 from the stand point of this relatedness.
It was of interest to determine whether the actin pseudogene regions
of ^mA14 and ^mA36 showed similar' divergence to that found throughout the 
rest of the duplicated /am plified  DNA. The degree of sim ilarity  was 
determ ined by sequencing the available subclones at the leftw ard and 
rightward extremities of the sim ilarity (Figure 3.20). Comparison of these
sequences indicated that and XmA36 have diverged by 4%. Comparison
of the actin-like coding regions and the 5' flanking DNA (Figure 3.25 (a) and
(b)), indicated that ?imA14 and ^mA36 have diverged by 6% in the actin-like 
region and 1% (which includes the leftward extremity sequence) in the 5' 
flank ing  region. The sm all d ifferences observed fo r the percen tage 
divergence is most likely due to DNA sequencing errors and/or comparison 
of relatively short lengths of sequence. Therefore it would be unw ise to 
conclude from the data that there is any significant difference in the
relatedness of X,mA14 and X.mA36 for the actin regions and for the flanking 
DNA.
We now turn to consider the evolutionary time-scale of the events
which led to the formation of ^m A 14 and ^m A 36, by com paring the 
percentage divergence of the nucleotide sequence of the two clones and by
com paring their y-actin region with the nucleotide sequence of y -a c tin  
cDNA nucleotide sequence.
To determine how long ago in evolutionary time X,mA14 and ?imA3 6
diverged, the average percentage sequence divergence (5.7%) was used, and 
the assumption was made that the DNA in these regions (pseudogenes and 
unknown flanking DNA) has evolved at a neutral rate, free from  any 
selective pressure. The average neutral rate at which nucleotide substitution 
occurs in pseudogenes, was shown by Li et al., (1981), to correspond to a UEP 
(unit evolutionary period) of 0.46, or a m utation rate o f 4.6 X 10" ^ 
substitutions per nucleotide per year. (UEP is the time in millions of years 
(MY) required for the fixation of 1% changes between two lines; Perler et
al., 1980). Therefore assuming neutral drift for the sequences compared in
^m A 14 and A.mA36, it can be concluded that these DNAs diverged 
approximately 2.6 MY ago (5.7% with a UEP of 0.46), presumably as the result 
o f a gene duplication or am plification event at that time. It should be 
stressed that the validity of this conclusion is limited by the assumption of
neutral drift at the rate found in a-g lobin  pseudogenes (Li et al., 1981), and 
the accuracy with which the figure 5.7% represents the true divergence of
A.mA14 and A,mA36.
To determine how long ago in evolutionary time the y-actin DNA in
XmA14 and ^mA36 diverged from the active y-actin gene the percentage
divergence of these sequences from that of a recently sequenced y -a c tin  
cDNA (Peter and Leader, unpublished), was calculated. Changes in  the 
nucleotide sequence could only be determined in the region corresponding 
to amino acids 48 onward, for which both pseudogene and cDNA sequence
were available. Each base change was scored as 1, as was each 
insertion /de le tion , irrespective  of size. Com parison o f the nucleo tide
sequences showed that the actin-like gene in ^mA14 was 94.9% identical to 
the cDNA sequence (Figure 4.2). Com parison of the partial nucleotide
sequence of the actin-like gene in X.mA36 with the cDNA sequence from 
amino acid residues 70 to 157 and 256 to 302, indicated that the sequences
were 95.8% identical (Figure 4.3). The average percentage divergence of
?imA14 and XmA36 y-actin DNA from th p V actin cDNA sequence (4.65%) was 
used to calculate the time of divergence using the assumption that the actin
pseudogenes had evolved at a neutral rate since their form ation and the
gene (as represented by the cDNA sequence ) had evolved under selective
pressure for a protein coding sequence. This gave a UEP value for the 
divergence of the gene and pseudogene of 0.81, from which it is concluded
that the y-actin  genes in ?imA14 and A.mA36 diverged from the active y-actin  
gene approximately 3.8 MY ago (4.65% with a UEP of 0.81). As the 
d up lica tion  or am plifica tion  event was ca lcu la ted  above to occur 
approximately 2.6 MY ago, this suggests that the original actin processed
pseudogene represented in A.mA14 or >,mA36 existed for approximately 1.2 MY 
before it was duplicated/amplified. However if this were the case one would 
expect that mutations aquired over this postulated first 1.2 MY would be
common to ?imA14 and A.mA36 and would represent approximately 30% of the
total. In fact only 2 out of 39 differences from the y-actin cDNA sequence
are common to both XmA14 and XmA36 (Figure 4.5), more in accord with a 
duplication / am plification event occurring much sooner after the original
pseudogene emerged. The cause of this discrepancy is unclear.
To determine whether the actin-like sequences in XmA14 and ?tm A36 
have evolved at a neutral rate, as assumed for the calculations above, the R/S 
ratios were calculated. In a functional coding sequence, R (replacem ent) 
changes are more likely to be det rimental and therefore selected against 
rather than S (silent) changes. As a consequence, the R/S ratio, can be used
F i g u r e  4 .5  C o m p a r i s o n  o f  m u t a t i o n s  in th e  a c t in  p s e u d o - c o d i n g
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The diagram shows a comparison of, the base mutations which have
occurred in the actin pseudo-coding region of XmA14 and XmA36 (residues
P r o ^  to A sp * ^  and  T y r ^ ^  to T h r * ^ )  and the y-actin cDNA nucleotide 
sequence (Peter & Leader, unpublished). Unsequenced regions are indicated 
by dots ( .............. ) and nucleotide base deletions are indicated by a dash (-).
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to discrim inate between functional genes and pseudogenes, pseudogenes 
being in general expected to have 2.5-3.0 times as many R as S changes 
because there are more potential sites for R changes (Czelusniak et al., 
1982). In the case of mammalian actins, with their absolutely conserved 
amino acid sequences, one can calculate the expected R /S. ratio  for a
pseudogene precisely. In the y-actin pseudogenes under consideration here 
one would expect to have 3.0 times as many R changes as S changes. Analysis
of the XmA14 actin-like sequence indicates that there are 39 base diferences 
from that of the gene, 15 at silent sites and 24 at replacem ent sites,
producing a R/S ratio of 1.6. The actin-like sequence in XmA36 had 17 base 
changes, 5 at silent sites and 12 at replacement sites, producing a ratio of 2.4. 
Given the small total number of base changes, one can say that the
actin-like gene in A,mA36 had approxim ately the predicted  ratio  for a 
pseudogene evolving under neutral selection. However the R/S ratio f o r ' the
actin-like gene in XmA14 is intermediate between the value expected of a 
functional gene and that of a pseudogene. Taken at face value, this would 
suggest that during part of its existence, the gene has evolved under 
selective pressure to conserve a protein-coding potential. H owever this 
seem s un likely  as m ost processed  pseudogenes, being derived  from  
transcripts lacking a RNA polym erase II promoter, are expected to be 
inactive as soon as they arise. There is an example of an ’active’ calmodulin 
processed pseudogene (Stein et al., 1983), apparently fo rtu itously  inserted 
after a polymerase II promoter. Inspection of the 5’ sequence flanking the
coding region of ^mA14 reveals no such promoter, although it cannot be 
excluded that one existed for a time and was subsequently deleted. Another 
possible explanation for this anom alous R/S value could be that the 
actin-like sequence has been subjected to gene conversion. However, if so
this could not have involved a y-actin sequence as the actin sequence in 
^mA14 is as diverged from the y-actin cDNA sequence as the y-actin sequence 
in XmA36. Thus the reason for the low R/S ratio of the actin pseudogene in 
?imA14 remains unclear.
4 .2  LIM d sequence in XmA14 and ^ m A 3 6
The stimulus for the work described in this thesis was the observation 
of large foldback structures associated with the actin-like genes in ?im A 14
and XmA36 and the possibility that they represented discrete functional 
elem ents. It has been shown that these foldback structures are actually 
composed of LIM d sequences. Nevertheless it is pertinent to discuss the 
structure of the LIM d sequences, in relation to the possibility that s>  they
may be in some way related. In itself the proximity of the ?imA14 LINEs does 
not necessarily suggest a relationship between them. For example, there are
at least eight LINE members in the mouse p-globin region, each having a 
different length and being flanked by different direct repeats, suggesting 
that they inserted as separate elements (Voliva et al., 1984; Shyman et al., 
1985). Also the evidence is conclusive that the three LINE members did not
insert into the A.mA14 DNA as a mobile unit. LIM d-LH had inserted into the
actin pseudogene of XmA14 displacing its' extreme 3' end at least 3.3kb to the 
'right, indicating its insertion must have been an independent event.
However, as discussed in detail below, the LINE members in X m A 1 4 , 
particularly  LIM d-LH  and L IM d-R H l, do in fact share some common 
sequence characteristics which suggests a relationship between them.
Before examining these common characteristics, it may be useful to 
consider how the electron micrograph foldback structures can be accounted 
for by the structural data described in detail in section 3.2. Figure 4.6 shows
the stem regions of the foldback structures within XmA14 and ^mA36, divided 
into sections designated a to e, each shown with the original measurements 
predicted from the electron micrographs. The stem of the foldback structure
of X.mA14 is composed of specific regions of the three >.mA14 LIM d members 
shown in Figure 4.7. (LIM d-LH on the left-hand side and LIM d-R H l and 
L lM d-R H 2 on the right-hand side of the stem). The original electron 
m icrograph measurements predicted for each stem section agree reasonably 
well with those obtained by sequencing (Figure 4.7), although in each case 
the sequencing measurements are greater than those predicted by electron 
microscopy. This is to be expected if the full potential for hybridisation is 
not realised in practise. The precise length of section b is still unknown as 
the 3' end of LlM d-RH2 remains to be located. However partial sequencing of
the 5' end of LlMd-RH2 appears to indicate that the first 460bp at this region
are homologous to the 3' end of L IM d-R H l. The electron micrograph of
^m A 14 (Figure 1.5) may be interpreted in the terms of the 460bp of 
overlapping sequence in LlM d-RH2 being unable to hybridise to LIM d-LH as 
the complementary region in LIM d-LH had already hybridised to LIM d-R H l 
forming stem section a. Thus only the 3’ end of LlM d-RH 2 hybridised to
LIM d-LH, constitu ting stem section b.
As the foldback structure in XmA14 is located within a large region of 
similar DNA to that represented in A.mA36, the foldback structure in A,mA3 6 
can be discussed in relation to that in XmA14, even though no sequence 
determination was performed on the LINE members in A,mA36. The electron
F i g u r e  4 .6  D i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  th e  3 ,mA14 and km  A 3 6
f o l d b a c k  s tem  r e g i o n s
The stem regions of the foldback structures within ?imA14 and ?nnA 36, 
are designated into sections a to e. The position of the L IM d DNA, as 
determined by sequencing, is shown as solid black linesr
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The stem regions of the foldback structures within >,mA14 and 7,m A 3 6 
are designated into sections a to e, as described in Figure 4.6. The length of 
each section, predicted from the electron micrographs, is compared with the 
lengths determined by DNA sequencing. The stem of the foldback structure in
XmA14 is composed of specific regions of LM ld-LH, LIM d-RH l and LlMd-RH2.
The stem of the foldback structure in XmA36 is composed of specific regions
of LIM d-LH and LlM d-RH2. The XmA14 LIM d members are aligned so as to 
indicate the regions of homology.
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m icrographs show that although ^m A 14 and ^m A 36 contain a sim ilar
foldback structure they differ in detail. The smaller clone ?tmA36 does not 
contain the more extreme right-hand LIM d member, L IM d-R H l', which if
present in the genomic region represented by ^mA36 would lie outwith this
clone. The stem of the foldback in XmA36 was thus composed of only 
LIM d-LH' and LlM d-RH2'. In the absence of L IM d-R H l', all of LlM d-RH2' 
would be expected to hybridise to LIM d-LH', and this partly accounts for the
way that the structure of the foldback in XmA36 differs from that in ^m A 14 .
The foldback stem in XmA36, was displaced further to the right of the actin 
region (section e), at a distance predicted from the electron micrograph to 
be 550bp and calculated to be 500bp by DNA sequencing. The foldback
structure in ^mA36 did not contain a side loop and its stem length (section c) 
was estimated to be 870bp. As the 3' end of LlM d-RH2' has not yet been 
located, the precise length of the stem section c rem ains undetermined. 
However at this stage LlM d-RH2! is predicted to contain at least 940bp of DNA 
complementary to LIM d-LH'.
It is necessary now to turn to a detailed comparison of the structures
of the three LIM d members, of A,mA14 to discover whether they are related
in any way. The nucleotide sequences of the three ^m A 14 L IM d members
are compared in Figures 3.38 to 3.40. The percentage homology between the
LINE members was calculated for the different regions and is shown
diagrammatically in Figure 4.8. The division into different regions was made
because LIMd-LH has a deletion near its 5' end, which is not total. There is a
small block rem aining which, although it did not match very easily to
LIM d-R H l (or as shown later LlM d-A 2) was assigned for convenienceto an 
with
areav which it shared approximately 55% identity. Each base change is scored
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as 1, as is each insertion/deletion irrespective of size. The greatest region of 
homology was found between LIMd-LH and LIM d-RH l and was 93%, however 
towards the 5' end at the 5' side of the 266bp deletion in LIM d-LH at position 
99 (Figure 3.38), the homology was reduced to 76% (As would be anticipated 
from the above, the small remnant in the deletion of LIM d-LH had only low 
(57%) apparent homology to L IM d-R H l). The homology between LIM d-LH 
and LlM d-RH2 (Figure 3.39), LIM d-RH l and LlM d-RH 2 (Figure 3.40), was 
similar and approximately 86%, (Figure 4.8).
To put the figures above in perspective, comparison of these X.mA14 
LINE members was made with a 'full-length ' L IM d member designated 
L lM d-A 2 (Loeb et al., 1986), as shown diagrammatically in Figure 4.9. It
transpires that overall each ^m A 14 L IM d m em ber is s ligh tly  m ore 
homologous to LlM d-A2, than it is to the others. Although interpretation of 
these figures is not easy, they do not im mediately suggest a relationship
between the XmA14 LIM d members. However a more detailed examination of 
the nucleotide sequences of LIM d-LH and L IM d-R H l, does reveal that they 
possessed several features in common. One is that they share the same 5' 
ends, (Figure 4.10). This point is of some significance because although 
assumed 'full-length' LIM d members have tandem 208bp repeats at their 5'
ends, the number of these varies. The examples so far described have 4 ^ /3
9  9(LlM d-A2) and 1 / 3  copies (LlMd-9), the /3 copy being the most 5' member
and the exact position at which the ^  13 copy starts being slightly different
(Loeb et al., 1986). LIM d-LH and LIM d-RH l have approximately 1 ^/3 copies
of the 5' tandem repeats and the exact position at which the /3 copy starts
in these two examples appears to be exactly the same (Figure 4.10) and
differs from  both LlM d-A 2 and L lM d-9 which are 16 and 6 nucleotides
longer, respectively. Although the 5' end point of LIM d-LH is obvious from
183
a
<
30
Xro
Za.i
30
X
r
X
2
a
3>ro
vi
CO
03vj
034*
03
cn CO0)
o>cn
< 3 &cr■o
00
cn
cr<D
333
3
3*
3
>>
3
>
3a .
30)
3
3*
3
3
23
3a.
a-
■
>to
y
'3*
3
■U
O
23.■ro33
3
3
3
3
3
3f2
71
C D
3
3■3
3*O)
'30)
3C3
3
3
a
rq
ro
• ro 
o  
ocr
.■o
3*3
3
o
3
T O
F i g u r e  4 .10 C o m p a r iso n  o f  the  5* ends o f  L I M d - L H  and L I M d - R H l
The nucleotide sequence at the 5' ends of LIM d-LH and LIM d-RH l is
compared with the 3' non-coding y-actin cDNA (Peter & Leader, unpublished) 
and LlM d-A2 (Leob et al., 1986) nucleotide sequence. LIM d-LH and LIM d-RH l 
sequence are numbered as in Figure 3.33 and 3.35. The LlM d-A2 sequence is 
numbered in accordance with Loeb et al., (1986).
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the interruption of the actin-like sequence, it might appear that there is 
some ambiguity in that o f L IM d-R H l, as insertion of an extra base in 
L lM d-A 2 could produce a further four nucleotides at its 5' end. The
arguement against this is that the region 5' to the position designated as the
/
5’ end of L IM d-R H l is part of a repeating sequence. A diagonal matrix 
comparison plot of this 5' flanking DNA of L IM d-R H l illustrating this is 
shown in  Figure 4.11, and four im perfect direct tandem  repeats of 
approximately 150bp of non-LlM d DNA are shown in Figure 4.11, the first 
base to the left of the 5' end of LIM d-RH l being part of a repeat unit. This 
150bp repeat does not correspond to a different repeating sequence found at 
the 5' end of certain L IM d members (Fanning, 1983), nor to any other 
sequence in the EMBL and GenBank databanks.
The second point of sim ilarity was also at the 5' end. Although 
comparison here was restricted to 105bp because of a deletion after this 
point, LIM d-LH and LIM d-RH l both display a greater percentage identity 
to one another (76%) than to the L lM d-A 2 sequence (66% and 73%, 
respectively) in this region. Also w ithin this 5' region L IM d-LH  and 
LIM d-R H l share similar single base deletions relative to L lM d-A 2 at three 
positions and a common 6bp deletion (Figure 3.43). This greater similarity of 
LIM d-LH  and LIM d-R H l to one another at the 5' end contrasts with the 
pattern over the rest of their lengths as described above.
A third way in which LIMd-LH and LIM d-RHl differ from LlM d-A2 is 
in having an extra 42bp relative to LlM d-A 2 at corresponding positions (519 
and 1189, respectively). This presumed insert is an imperfect repeat of the 
preceding region (Figure 3.43), and therefore probably arose by tandem 
d u p lica tio n . However, a deletion in LlM d-A2 cannot be excluded.
Taken together, these sim ilarities are suggestive of a relationship 
between L lM d-LH l and LIM d-RHl. It is possible that at some stage there may
F i g u r e  4 .11  I m p e r f e c t  d i r e c t  t a n d e m  r e p e a t s  w ith in  t h e  5 1 
flank ing  DNA of L IM d -R H l
(a) A diagonal matrix com parison plot of the 5' flanking DNA of 
LIM d-RH l (nucleotides 1 to 425, as numbered in Figure 3.35).
(b) The four imperfect direct tandem repeats of non-LlM d DNA located 
within the 5' flanking DNA of L IM d-R H l. The repeats are numbered in 
accordance with Figure 3.35.
(a)
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have been a gene conversion event between LIM d-LH and LIM d-RH l. If so, 
this would have to have been long enough ago in evolutionary time to allow 
considerable subsequent divergence to occur.
LIM d-LH  appears to be a 'fu ll-length ', if som ewhat, internally
mutated LINE member, and L IM d-R H l seems to represent a LINE member 
with an intact 5' end. As most of the LIM d members described previously 
appear more or less severly truncated at their 5' ends, it is therefore worth
examining these in more detail. As discussed above, Figure 4.9, shows each
individual LIM d member in ?tmA14 compared with LlM d-A2 of Loeb et al., 
(1986). The homology for all three LINE members is lowest at the 5' end, in 
the vicinity of the tandem repeats. This is not an unexpected observation as 
even within a single L IM d member these repeats are not identical, and 
differences w ere . also observed between LlM d-A 2 and another LINE member,
L lM d-9, that was partially sequenced (Loeb et al., 1986). All three ^ m A 1 4  
LIN E m em bers d isp lay  the g rea tes t hom ology w ith in  the reg ion
corresponding to the first of the two postulated protein-coding sequences of 
L lM d-A 2 (the second of these is not sufficiently  represented here to
comment upon), consistent with this postulate.
Finally some other points about the LINE members in ?imA14 require 
comment. One is that there are 14bp and 29bp insertions into positions 994 
and 1289 (Figure 3.43), repectively of LIM d-LH. In the 14bp insertion, 1 lbp 
of the inserted DNA was a repeat of the following region. As with the 42bp 
insertion discussed above, this insertion is assumed to be the product of a 
tandem duplication. Internal duplication has been observed in  other LINE 
members, for example 'R4' (Gebhard et al., 1982, 1983). The 29bp insertion
was unusual in having a sequence A(CA3 )<7 , which is similar to that of a
retroposon tail. In all primate and rodent retroposon classes, the 3' tails of
1 8 8
retroposons usually  have the structure An or (NAx )y, where N is  most often
C, (Rodgers, 1985). It is proposed that this insertion is the remnants of a 
retroposon which has inserted into and then out off LIM d-LH.
As regards LIM d-RH l, it is necessary to account for the truncation at 
its 3' end. The obvious possibility is that an original full-length LIM d
sequence suffered a m assive deletion of its 3' portion. However an
alternative mechanism has been suggested to explain the occurrence of
other LINE fragments (usually deleted at both ends, as appears to be the case
of LlM d-RH 2). This is via non-homologous recombination involving LIM d 
sequences originating from extra chromosomal DNA circles which carry
either LINE sequence alone (Schindler and Rush/,1985) or in association
with short or long segments of non-LINE DNA circles (Jones and Potter, 1985;
Fujim oto et a l ,  1985). However there is no data to support or reject either
proposition for the nature of the truncation of LIM d-RH l and LlM d-RH2.
4 .3  Amplif ication / duplication of  ?imA14 and l m A 3 6
It is now proposed to address the question of how the two related
genomic regions of the clones ?imA14 and A.mA36 arose. It would seem that 
there are three major alternatives :
(1) Two actin genes independently inserting at the same point into a !\/y
i )  ’
similar stretches of DNA.
(2) A tandem  duplication involving the generation o f these two 
genomic regions from a single original genomic region which contained 
one of them.
(3 )  A n am plification  event in w hich a num ber o f  sim ilar regions,
including those represented in X,mA14 and A,mA36 were generated.
The first alternative seems least likely to be correct as processed 
pseudogenes examined to date do not have preferred DNA target sequence 
for insertion, although they do have a tendency to insert into A-rich 
regions (Rogers, 1985). The probability of (1) occurring by chance would be 
effectively zero.
Although it is not possible to distinguish definitively between the 
alternatives (2) and (3), certain facts bear upon them. The initial screening
of the mouse genomic library, that yielded XmA14 and XmA36, also gave eight
other clones containing actin processed pseudogenes, which were analysed
by electron  m icroscopy (by Dr H. D elius). H owever inverted  repeat
structures of the type seen in clones ?imA14 and A.mA36, were not observed in
the others. Clones XmA14 and XmA36 were selected at moderate hybridisation 
stringency, conditions which have been shown to yield about 15 - 20 mouse
actin pseudogenes, presumably representing both p and y isoforms (Minty et 
al., 1983). The occurrence of the foldback structure in only two out of the ten 
actin clones would thus make an extensive amplification appear unlikely. By
elimination it therefore seems likely that the similar regions in A,mA14 and
^m A 36 are most probably the resu lt o f a large tandem  duplication. 
Chromosome walking is needed to determ ine whether this conclusion is
correct. Other experiments using a non-LlM d, non-actin part of the common
region of kmA14 and XmA36, as 'a probe would also be useful, as they would 
address the question of amplification.
D espite this conclusion it m ust be pointed out that extensive 
am plification of the mouse genome involving actin-related sequences has
been described by Minty et al., (1983). A sub-fam ily was identified of
sequences distantly related to a p-actin cDNA probe. The stringency at which 
these sequences were detected was such as to indicate that they were greater 
than 20% diverged from the actin sequence. This sub-family had resulted 
from the recent 20 - 50 fold amplification of a 17kb region of mouse 
genomic DNA. However it is clear that this am plified region does not
correspond to the repeated regions in ?imA14 and ^mA36. This conclusion is
based on two considerations. Firstly the actin-like DNA in tanA14 and ^m A 36 
was detected at a higher stringency than could be used to detect the actin 
sequence of the sub-family. This indicated (and was subsequently confirmed
by DNA sequencing) that the actin-like DNA within AmA14 and ?imA36 is 
more closely related to the actin cDNA sequence ( 5%) than that of the 
actin-like sequence in the sub-fam ily (> 20%). Secondly the predicted 
restric tion  map of the am plified sub-fam ily DNA in the mouse genome
differs extensively from that of the corresponding region of ^,mA14 (Figure 
4.12). Nevertheless the studies described here are similar to those of Minty 
et al., (1983), in that they provide evidence for recent evolutionary events 
involving m ouse actin pseudogenes that partly  account for the large 
number of actin-related sequences in this organism. A nother am plification 
of an area of the mouse genome containing a processed pseudogene has 
been described: in this case involving a 45kb region containing a major 
urinary protein and its pseudogene (Clark et al., 1985; Ghazal et al., 1985).
The precise length of the DNA duplicated has not been determined
because of the limited size of the cloned mouse DNA, in ?imA14 and XmA36 
and their incomplete analysis. However comparison of the restriction maps
of XmA14 and ^mA36 (Figure 3.15), indicates a loss of similarity occurring
191
F i g u r e  4 .1 2  C o m p a r i s o n  o f  t h e  r e s t r i c t i o n  m a p  o f  th e  m o u s e  
am plif ied  reg ion  with  th a t  of A.m A 1 4
(a) The consensus restric tion map of the am plified sub-fam ily of actin 
sequences in the mouse genome, ( Minty et al., 1983) is compared with (b) the
corresponding region in ?imA14. Only the restriction sites for EcoRI ( •  ), SstI 
( o ), H indlll ( a ), BamHI ( a ) and Xbal ( ■ ) are shown. The solid area 
represents the position of the actin pseudo-coding region.
>
within 1.5kb from the extremity of the short arm of the vector in km  A3 6. 
Loss of sim ilarity in this region had also been inferred from electron
microscopy which detected a 700bp non-looped inverted repeat in km  A3 6
(Figure 1.9), but not in-km A 14. W hether this represents the vicinity of the 
true rightward end of the similarity or simply an interruption, is unknown.
At the leftward end the similarity between kmA14 and kmA36 extends at least 
up to 1.2 and 0.7kb resepectively, from the left-hand lambda arm, at the 
position  of the most leftw ard restric tion  sites mapped (Figure 3.15).
Therefore all that can be concluded at the moment is that kmA14 and km A3 6 
share at least ll.Okb of similar DNA, which is most likely the product of a 
gene duplication event. Gene duplication events have been m ost clearly 
characterised , in the human globin gene family. The lengths of DNA which 
have been duplicated in the formation of this family vary considerably. In
the case of the human ^ y /^ y ,  S/J3, xj/ C1 /C2  anc* a l /,(X2 Pa*rs> duplicated regions
of approximately 5, 7, 12 and 4kb DNA are still evident (Proudfoot et a l ,  1982; 
Lauer et al., 1980; Shen et al., 1981; Martin et al., 1983). Chromosomal walking
is needed to determine the total length of the similar DNA associated with
kmA14 and kmA36, and this would also establish whether these regions are 
in tandem.
Finally it may be asked whether the LIM d members within km A 14
and kmA36 could have been involved in the duplication event assumed to 
have given rise to these clones. The presence of these highly repeated DNA 
sequences within the duplicated unit could provide excellent targets for
unequal crossing-over. Figure 4.13, shows an exam ple of how unequal 
crossing-over between LIM d members 5' and 3' to the actin region could
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have caused a duplication producing Xmi4l4 and A.mA36. The prevalence of 
fam ilies of repetitive elem ents scattered throughout the mouse genome 
w ould suggest that they m ight be responsible for many large block 
duplications. Indeed repeat sequence has been found associated with a 
duplication in the human genome. A short direct repeat at each end of the 
human ancestral foetal gene was proposed to be involved in the 5.0kb
tandem duplication which occurred within the p-globin gene locus to form
y^ and yB (Smithies et al., 1981).
Although it is easy to see the role of direct repeats in gene duplication 
it is curious that inverted repeats have also been found associated with 
duplication and amplifications in a number of cases (Fornace et al., 1984; 
Richards et al., 1983; Ford & Fried, 1986). The role of these inverted repeats 
in the d u p lic a t io n  / am plification is not known but it is an intriguing 
alternative possibility that the arrangem ent of LINE m em bers into an 
inverted repeat could, by a mechanism at present unknown, have led to the 
d u p lica tio n .
An asterisk (*) indicates that a reference is missing at this position
and is listed instead on page 210.
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